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The work has  b e en  d e s c r ib e d  u n d e r  fo u r  g e n e r a l  h e a d in g s  
T h e o r e t i c a l ,  The Sys tem s, a  G en era l  D i s c u s s io n  o f  R e s u l t s ,  and 
a’n Appendix.
In  th e  T h e o r e t i c a l  p o r t i o n  th e  t h e o r i e s  o f  doub le  s a l t  
fo rm a t io n  a re  rev iew ed .
The System s, under t h a t  h e a d in g ,a r e  th e n  t r e a t e d  s e p a r a t e l y  
and th e  r e s u l t s  o b ta in e d  i n  each  sys tem  d e a l t  w i th  b r i e f l y .
Under th e  s e c t i o n  d e s c r i b e d :  G enera l D is c u s s io n  o f
R e s u l t s ,  th e  e x p e r im e n ta l  r e s u l t s  a re  d is c u s s e d  i n  r e l a t i o n  
t o  one a n o th e r ,  and t h e i r  b e a r in g  on th e  th e o ry  o f  p r a c t i c a l l y  
com plete  d i s s o c i a t i o n  o f  e l e c t r o l y t e s  i n  s o l u t i o n .
I n  th e  Appendix i s  g iv e n  a d e s c r i p t i o n  o f  th e  a n a l y t i c a l  
methods employed, a developm ent o f  the  Debye th e o ry  o f  th e  
s o l u b i l i t y  o f  s t r o n g  e l e c t r o l y t e s ,  and a b ib l io g r a p h y .
4.
(THEORETICAL.
When two s a l t s  w i th  a  common io n  a r e  d i s s o l v e d  i n  w a te r  
and c r y s t a l l i s a t i o n  o c cu rs  from th e  s o l u t i o n ,  th e  p ro d u c t  
o b ta in e d  may he
( 1 ) mixed c r y s t a l s ,
( 2 ) a  s o l i d  s o l u t i o n ,
(3 )  a  double  s a l t ,  o r
(4) a  complex s a l t .
These ty p e s  a r e  d i s t i n g u i s h a b l e  from one a n o th e r .
In  th e  c ase  o f  mixed c r y s t a l s  th e  in d e p e n d e n t  c r y s t a l s  
may be s e p a r a te d  m e c h a n ic a l ly .  When a  s o l i d  s o l u t i o n  i s  formed 
th e r e  can be no m ec h an ica l  s e p a r a t i o n ,  and th e  c o m p o s it io n  o f  
th e  c r y s t a l l i n e  mass i s  dependen t on th e  c o n c e n t r a t i o n s  o f  th e  
component s a l t s .  f u r t h e r ,  when r e c r y s t a l l i s e d  th e  co m p o s it io n  
o f  th e  p ro d u c t  changes.
When a  doub le  s a l t  i s  formed th e  c r y s t a l s  may be r e c r y s t a l ­
l i s e d  a t  th e  same te m p e ra tu re  w i th o u t  change o f  c o m p o s it io n .
They may be c r y s t a l l i s e d  from s o l u t i o n s  c o n ta in in g  one or o th e r  
component i n  e x c e s s ,  w i th o u t  a l t e r i n g  th e  c o m p o s it io n  o f  the  
c r y s t a l s  i n  any way. S o lu t io n s  o f  double  s a l t s  g ive  th e  r e ­
a c t io n s  o f  th e  component s a l t s .
A complex s a l t  fo rm a t io n  can  be d i s t i n g u i s h e d  from th e
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fo rm er o a se s  i n  t h a t  th e  c r y s t a l s  can  he r e c r y s t a l l i s e d  w i th o u t  
change o f  c o m p o s i t io n ,  hu t s o l u t i o n s  o f  th e  c r y s t a l s  do n o t  g ive  
th e  r e a c t i o n s  o f  th e  o r i g i n a l  s o l u t e s .
I t  i s  w i th  doub le  s a l t  f o rm a t io n  t h a t  we have t o  d e a l .
Double s a l t s  have lo n g  been  known. B e r z e l i u s  i n  1812 c i t e d  
p o ta s s iu m  alum i n  su p p o r t  o f  h i s  d u a l i s t i c  t h e o r y ,  w h i l s t  Graham 
used a l k a l i  doub le  s u lp h a te s  i n  h i s  i n v e s t i g a t i o n  on w a te r  o f  
c r y s t a l l i s a t i  on.
The c o n d i t i o n s  g o v e rn in g  th e  fo rm a t io n  o f  t h i s  c l a s s  o f  
s a l t s ,  how ever, were v e ry  l i t t l e  u n d e rs to o d .  I t  was known, f o r  
exam ple , t h a t  i f  c e r t a i n  s a l t s  were d i s s o l v e d  i n  w a te r  i n  e q u i -  
m o la r  p r o p o r t io n s  double  s a l t s  were formed. That doub le  s a l t s  
co u ld  be formed by u s in g  o th e r  th a n  eq u im o la r  p r o p o r t i o n s ,  w h i l s t  
r e p o r t e d  by S chre inem akers  ( l ) ,w a s  n o t  g e n e r a l l y  known, and even 
to d a y  t h e r e  seems to  be some ig n o ra n c e  on t h i s  p o i n t .
Up to  the  tim e o f  v a n 1t  H o ff  t h e r e  had been no o u t s t a n d in g  
a t te m p t  t o  e x p la in  the  fo rm a tio n  of th e s e  compounds; b u t  v a n ’ t  
H o ff ,  u s in g  th e  t e c h n iq u e  o f  th e  i o n i c  th e o r y  o f  A r rh e n iu s ,  
o f f e r e d  i n  h i s  "D o p p e lsa lz  B ild u n g  and S p a ltung "  r a t i o n a l  e x p la n ­
a t i o n s  o f  many o f  th e  phenomena a s s o c i a t e d  w i th  t h i s  type  o f  
compound.
I n f l uence o f  th e  Io n ic  Groups.
At the  o u t s e t  i t  i s  a p p a re n t  t h a t  th e  m e ta ls  fo rm ing  th e
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s a l t s  as w e l l  as the  a c i d i c  r a d i c l e s  have a  l a r g e  in f lu e n c e  i n  
th e  fo rm a t io n  o f  th e  double  s a l t s .  i?or exam ple , sodium  c h l o r i d e  
forms no double  s a l t  w i th  sodium  n i t r a t e ,  y e t ,  sodium n i t r a t e  
forms a  double  s a l t  w i th  sodium s u l p h a t e ,  th u s  shew ing  t h a t  the  
c h a r a c t e r  o f  th e  a c i d i c  r a d i c l e  h a s  some b e a r in g  on double  s a l t  
fo rm a t io n .
The i n f lu e n c e  o f  th e  m e t a l l i c  r a d i c l e  i s  e v id e n t  i n  th e  ease  
o f  f e r r o u s  s u l p h a t e ,  magnesium s u lp h a te  and ammonium s u l p h a t e ,  
f e r r o u s  s u lp h a te  does n o t  form a double  s a l t  w i th  magnesium s u l ­
p h a te ,  y e t  forms one w i th  ammonium s u l p h a t e ,  i . e .  Mohr’ s s a l t .  
A lso  f e r r i c  c h lo r i d e  and sodium c h lo r i d e  form no doub le  s a l t ,  
w h i l s t  f e r r i c  c h lo r id e  and p o ta s s iu m  c h lo r i d e  do so. Thus i t  
may be assumed t h a t  t h e r e  must be a d e f i n i t e  a f f i n i t y  betw een  
th e  two m e t a l l i c  io n s  f o r  double s a l t  fo rm a tio n  to  ta k e  p l a c e .
D i f f e r e n c e  i n  a f f i n i t y  betw een v a r io u s  s u b s ta n c e s  was 
e x p la in e d  by B e r z e l iu s  a s  due to  th e  s u b s ta n c e s  b e in g  charged  
w i th  v a ry in g  q u a n t i t i e s  o f  e l e c t r i c i t y ,  and on such  a b a s i s ,  he 
a r ra n g e d  th e  th e n  known e lem en ts  i n  a s e r i e s  i n  which th e  g ra d ­
a t i o n ,  w i th  r e s p e c t  to  th e  e l e c t r i c  c h a r a c t e r ,  was from p o s i t i v e  
to  n e g a t iv e .  T his r e a l l y  showed a  t r a n s i t i o n  from m e ta l  to  non- 
m e ta l .
T h is  method c u lm in a ted  i n  th e  e l e c t r o - c h e m ic a l  s e r i e s ,  i n  
which th e  m e ta ls  a re  a r ra n g e d  in  th e  o rd e r  o f  m agnitude  o f  th e  
p o t e n t i a l s  deve loped  when th e y  a re  p la c e d  i n  s o l u t i o n s  o f  t h e i r
s a l t s .  The s e r i e s  may he w r i t t e n :
Cs Rb K Ha Li Ba S r Ca Mg
A1 Or Mn Zn Cd T1 JPe Go Hi Sn
Pb H Sb As Ou Hg Ag Pd P t
Au I r  Rh Os
, Hon m e ta l s  S i C B H Se P S I  Br Cl 0 I1'*
T his o rd e r  a l s o  r e p r e s e n t s  f o r  th e  m e ta ls  th e  power o f
i
d i s p l a c i n g  o th e r  m e ta l s  from s a l t  s o l u t i o n s ,  so  t h a t  any 
chosen  m e ta l  can d i s p l a c e  from s o l u t i o n s  o f  a  m e ta l  w hich 
f o l lo w s  i t  i n  th e  l i s t ,  an  e q u iv a le n t  w e ig h t  o f  t h a t  m e ta l .
I t  i s  a l s o  p ro b a b le  t h a t  co m b in a t io n  i s  most l i k e l y  t o  
occu r betw een e lem en ts  w id e ly  s e p a r a t e d  i n  th e  above s e r i e s ;  
and t h i s  may a p p ly ,  t o  a l im i t e d  e x t e n t ,  t o  compounds of th e s e
m e ta ls  -  p a r t i c u l a r l y  compounds o f  th e  same ty p e ,  e .g .  Kg S0 4
Pe SO^ e t c .
f o rm a t io n  o f  I on ic  com plexes i n  s o l u t i on.
K e n d a l l  and h i s  co -w orkers  ( 2 ) i n  U.S.A. have dev e lo p ed  
t h i s  p o in t  o f  view to  a  g r e a t  e x t e n t .  They have a p p l i e d  t h i s  
g e n e r a l i s a t i o n  to  compound fo rm a t io n  betw een e le m e n ts ,  betw een 
m o le c u la r  complexes formed betw een s o l u t e s  and s o l v e n t s ,  and to  
d i s s o c i a t i o n  and o rd e r  o f  s o l u b i l i t y .  These c o n te n t io n s  a r e ,  
in  th e  m ain , w e l l  upheld  b y .p u b l is h e d  d a t a ,  b u t ,  a s  m ight be
e x p e c te d ,  t h e r e  a re  numerous e x c e p t io n s .
Support o f  th e  g e n e r a l i s a t i o n  i s  f u r n i s h e d  hy work o f  
F o rb es  (3 )  who d e te rm in e d  th e  s o l u b i l i t y  o f  s i l v e r  c h lo r i d e  i n  
aqueous s o l u t i o n s  o f  v a r io u s  c h l o r i d e s .
I t  would be e x p e c te d ,  i f  by t h i s  g e n e r a l i s a t i o n  complex 
io n s  te n d  to  be formed a c c o rd in g  t o  th e  d i f f e r e n c e  o f  p o s i t i o n s  
o f  th e  m e ta ls  i n  th e  e l e c t r o  c h e m ic a l  s e r i e s ,  t h a t  v a r i a t i o n s  i n  
s o l u b i l i t y  o f  a  s a l t  i n  th e  p re se n c e  o f  a n o th e r  w i th  a  common 
a c i d i c  r a d i c l e  would b e a r  some r e l a t i o n  t o  th e s e  d i f f e r e n c e s .
T h is  was found to  be th e  case  t o  a  g r e a t  e x t e n t ,  and th e  e x p e r i ­
m en ta l  r e s u l t s  showed t h a t  th e  o rd e r  o f  th e  i n c r e a s e  o f  
s o l u b i l i t y  o f  s i l v e r  c h lo r id e  w i th  th e  v a r io u s  i n f l u e n c i n g  s a l t s  
was H <  Ca <  Ua <  S r Ba K o r  UH4 .
W ith r e s p e c t  t o  th e  s u lp h a te s  o f th e  a l k a l i  m e t a l s ,  i t  i s  
su g g e s te d  by Caven, F erguson  and M i t c h e l l  (4 )  t h a t  a  d e f i n i t e  
o rd e r  o f  th e  power o f  fo rm ing  double  s u lp h a te s  e x i s t s .  A ccord­
in g  t o  t h e i r  v iew  th e  chem ica l  a f f i n i t i e s  o f  th e  s a l t s  a re  
a s s o c i a t e d  w i th ,  o r  may be i n t e r p r e t e d  i n  te rm s o f  t h e i r  d e g re es  
o f  e l e c t r o l y t i c  d i s s o c i a t i o n  a t  e q u iv a le n t  d i l u t i o n .
When th e  d e g re e s  o f  d i s s o c i a t i o n  a re  p l o t t e d  as o r d in a t e s  
a g a i n s t  th e  c o n c e n t r a t i o n s  in  m o le c u la r  e q u iv a le n t s  from d a ta  
g iv en  i n  K o h lra u sc h 1 s ’’E l e c t r i c a l  C o n d u c t iv i ty ” , i t  i s  se en  1 
t h a t  t h e r e  i s  a  d i f f e r e n t  o rd e r  o f  d i s s o c i a t i o n  f o r  each  m e t a l l i c  
s u lp h a te .

A cco rd in g  t o  th e s e  d a t a ,  t h e  o rd e r  o f  d e c r e a s i n g  a f f i n i t y  
would he 2 1 ,  K, IH4 , l a ,  L i .
As r e g a r d s  t h e  h e a r in g  o f  t h e s e  r e s u l t s  on d o u b le  s a l t  
f o rm a t io n  i t  i s  a rg u ed  t h a t  w h i l s t  t h a l l i u m ,  po tassium ., ammo­
nium and sodium  s u l p h a t e s  p ro v id e  s u f f i c i e n t  30^H i o n s ,  i n  
v a r i e d  s t a t e s  o f  d i l u t i o n , t o  b r i n g  a b o u t  u n io n  w i th  the  su lp h a te  
o f  a  b i v a l e n t  o r  t r i v a l e n t  m e ta l ,  t o  form, m e t a l l i c  com plexes 
which can combine w i th  say  a l k a l i  c a t i o n s  t o  form doub le  s a l t s ,  
e .g .  Cu SO4  *+■ ” 2 0 4  — | Cu {0 O4 )gj 51
1 3 2 ( 3 0 4 ) 3 +  " s o 4  [ 1 3 2 ( 3 0 4 ) 4 ] "  
l i t h i u m  s u l p h a t e ,  by re a s o n  o f  i t s  i n f e r i o r  d i s s o c i a t i o n ,  does 
n o t  produce  8 O4 " io n s  i n  s u f f i c i e n t  q u a n t i t y  f o r  such  a  u n io n .
Koppel (5 ) has  th row n f u r t h e r  l i g h t  on th e  q u e s t io n  o f  
doub le  s a l t  f o rm a t io n  by h i s  i n v e s t i g a t i o n  o f  th e  doub le  s a l t s  
formed by sodium s u lp h a te  w i th  a  s e r i e s  o f  b i v a l e n t  s u l p h a t e s ,
e .g .  th o se  o f  Zn, Go, h i ,  f e r r o u s  i r o n ,  ! g ,  Cu and Gd. He
found t h a t  th e  s o l u b i l i t y  o f  th e  sodium s u lp h a te  was a lw ays i n ­
c re a s e d  by th e  a d d i t i o n  o f  th e  b i v a l e n t  s u l p h a t e ,  b u t  th e
s o l u b i l i t y  o f th e  b i v a l e n t  s u lp h a te  d e c re a s e d  w i th  t h e  a d d i t i o n  
o f  th e  sodium s u lp h a te .  These double  s u lp h a te s  d i f f e r  g r e a t l y  
from th o se  formed by th e  o th e r  a l k a l i  m e ta l s .
L ith ium  s u lp h a te  forms no double  s u l p h a t e s ,  and c o n s id e r ­
in g  th e  a l k a l i  g roup , i t  a p p ea rs  t h a t  doub le  s a l t  fo rm a t io n
f i r s t  occu rs  w i th  sodium.
10.
In  th e  c a se  o f  t h e  a lum s, t h e r e  i s  an  i n c r e a s e  i n  s t a b i l i t y  
and d e c r e a s e  i n  s o l u b i l i t y  w i t h  i n c r e a s e  i n  b a s i g e n i c  p r o p e r t i e s  
o f  th e  a l k a l i  m e t a l s .  L i th iu m  form s no alum. Sodium alum i s  
v e ry  s o l u b l e  and d i f f i c u l t  t o  o b t a i n  i n  a  p u re  c r y s t a l l i n e  s t a t e .  
P o ta s s iu m  alum i s  w e l l  known. Ammonium alum  i s  l e s s  s o l u b l e  
th a n  t h e  p o ta s s iu m  compound. Rubidium  alum  i s  much l e s s  .so lu b le  
th a n  e i t h e r ,  b u t  n e a r l y  f o u r  t im e s  as  s o l u b l e  a s  ea&sium alum .
Atomic S t r u c t u r e  and L i e l e o t i c  Con s t a n t  o f  Medium.
The q u e s t i o n  why l i t h i u m  s u l p h a t e  form s no d o u b le  s a l t s ,  
may be c o n n e c te d  c l o s e l y  w i th  th e  s t r u c t u r e  o f  th e  l i t h i u m  atom .
I t  h a s  b e en  shewn ( 6 ) r e g a r d i n g  th e  ' s a l t i n g  o u t ’ co ­
e f f i c i e n t  o f  a  s e r i e s  o f  a l k a l i  s a l t s ,  w hich  have  th e  same 
a n io n ,  t h a t  t h e  s e r i e s  goes
L i l a  K Rb. Cs
^  K ( g )
i . e .  t h e r e  i s  i n c r e a s e  from  caesium  t o  l i t h i u m .  L i th iu m  s a l t s  
shew th e  g r e a t e s t  power o f  p r e c i p i t a t i n g  from  aq ueous  s o l u t i o n s ,  
n e u t r a l  s u b s ta n c e s  l i k e  e t h e r ,  e t c . ,  o r  p o s i t i v e  i o n s ,  and caes iu m  
th e  l e a s t .
The c o n n ex io n  be tw een  th e  s a l t i n g  ou t e f f e c t  and a to m ic  
s t r u c t u r e  i s  made by H ftckel, who p o i n t s  ou t (7 )  t h a t  from  an  
a t o m i s t i c  s t a n d p o i n t ,  i t  i s  e l e a r  t h a t  th e  e l e c t r i c a l  p r o p e r t i e s
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o f  io n s  canno t be e x p re s s e d  e n t i r e l y  by th e  a s su m p tio n  t h a t  
io n s  a re  s im p le  s p h e r e s ,  upon w hich  e l e c t r i c i t y  i s  u n i fo rm ly  
d i s t r i b u t e d  -  in d ee d  th e  Bohr th e o r y  must be c o n s id e r e d  f o r  an  
e x p la n a t io n  o f  th e  a c t i o n s  o f  io n s  on one a n o th e r  i n  s a l t  
s o l u t i o n s .  Prom th e  Bohr t h e o r y , i t  i s  e v id e n t  t h a t  th e  o r b i t s ^  
w hich  e l e c t r o n s  d e s c r ib e  i n  an  atom,may be deform ed t o  a  g r e a t e r  
o r  a l e s s  e x te n t  when th e  io n  i s  exposed to  i n t e n s e  e l e c t r i c a l  
f i e l d s  s e t  up by th e  s u r ro u n d in g  io n s .  In  a  medium o f  h ig h  
d i e l e c t r i c  c o n s ta n t  such  as w a te r  (D = 81) t h i s  phenomenon w i l l  
r e s u l t  as a  r u l e  i n  a  r e p u l s i v e ,  as  w e l l  a s  th e  a t t r a c t i v e  
Coulomb f o r c e s  betw een th e  io n s .
As an  example ( 6 ) ,  c o n s id e r  a  charged  m e t a l l i c  sp h e re  s u s ­
pended i n  a i r  o r a  vacuum where D = 1. T h is  body w i l l  a t t r a c t  
a n o th e r  uncharged  sphere  i f  b ro u g h t  n e a r ,  a s  i t  w i l l  p i e c e s  o f  
p a p e r ,  e t c .  , because  i t  in d u ce s  o p p o s i te  c h a rg e s  i n  th e s e  
b o d ie s .  Thus th e  n e u t r a l  b o d ie s  on a p p ro a c h in g  th e  charged  
sp h e re  become s u b j e c t  t o  f o rc e s  w hich  te n d  t o  d r i v e  them t o  th e  
p o in t  where t h e  a b s o lu te  v a lu e  o f  th e  e l e c t r i c  f i e l d  i s  t h e  
g r e a t e s t .  I t  w i l l  be observed  t h a t  th e  n e u t r a l  body becomes 
p o l a r i s e d  and t h i s  p o l a r i s a t i o n  a lw ays r e s u l t s  i n  an a t t r a c t i v e  
f o r o e .
Bow i f  th e  same experim ent were c a r r i e d  ou t in  a medium, 
the  d i e l e c t r i c  c o n s ta n t  o f  which was g r e a t e r  th a n  t h a t  o f  th e  
n e u t r a l  body, i t  would be found t h a t  a  r e p u l s iv e  fo ro e  was
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e x e r t e d  betw een th e  c h a rg ed  sp h e re  and th e  n e u t r a l  body. T h is  
would come abou t by th e  medium, a s  w e l l  a s  th e  n e u t r a l  body , 
becoming p o l a r i s e d ;  b u t  s in c e  th e  medium has  a  much g r e a t e r  
d i e l e c t r i c  c o n s ta n t  t h a n  th e  n e u t r a l  body i t  w i l l  be more e a s i l y  
p o l a r i s e d  and a t t r a c t e d .  Hence m o le c u le s  o f  th e  medium would 
c o n g re g a te  i n  th e  ne ighbourhood  o f  th e  ch arg ed  sp h e re  a t  th e  
expense o f  th o se  o f  th e  n e u t r a l  body, th u s  c a u s in g  th e  charged  
sp h e re  and th e  n e u t r a l  body t o  be fo rc e d  a p a r t .
A ccord ing  t o  Hftckel a  somewhat s i m i l a r  s t a t e  w i l l  h o ld  i n  
an  aqueous s o l u t i o n  o f  io n s  i n  a d d i t i o n  t o  th e  p r im a ry  e f f e c t s ,  
and he a rg u e s  t h a t  th e  d i e l e c t r i c  c o n s ta n t  o f  th e  io n s  depends 
on th e  ease  w i th  which th e  o u te r  e le c tro d e  o r b i t s  can  be deform ed 
J by an e l e c t r i c  f i e l d .  The o p t i c a l  d a ta  by H e y d w e ile r ,  shew t h a t  
th e  e l e c t r o n  o r b i t s  o f  Cs, f o r  example ( 8 ) ,  a r e  more e a s i l y  
deformed th a n  th e  s m a l le r  o r b i t s  o f  l i t h iu m  i o n s ,  and th o se  o f  
l i t h iu m  l e s s  e a s i l y  th a n  th o se  o f  sodium , i . e .  th e  l i t h iu m  io n  
has  th e  l e a s t  p o l a r i s a b i l i t y  o f  th e  s e r i e s .
I t  may be su g g e s te d  t h a t  t h i s  low p o l a r i s a b i l i t y  o f  t h e  
l i t h iu m  io n  i s  c l o s e l y  a s s o c i a t e d  w i th  i t s  d e f i c i e n c y  i n  d o u b le  
s a l t  fo rm ing  p r o p e r t i e s .
I t  w i l l  be n o te d  t h a t  w ith  i n c r e a s e  i n  p o l a r i s a b i l i t y ,  t h e r e  
i s  i n c r e a s e  i n  the  ten d en cy  f o r  doub le  s a l t  fo rm a t io n ,  and t h i s  
s u g g e s ts  t h a t  doub le  s a l t  fo rm a tio n  i s
(a )  a  f u n c t i o n  o f  s i z e  o f  th e  e le c tro n ic  o r b i t s  o f  
th e  io n
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(b ) a  f u n c t i o n  o f  th e  d i e l e c t r i c  c o n s t a n t  o f  t h e  
medium.
The e v id e n ce  i n  s u p p o r t  o f  (a )  l i e s  i n  th e  s i m i l a r i t y  o f  
th e  o rd e r  o f  th e  s a l t i n g  out p r o p e r t i e s ,  and th e  d o u b le  s a l t  
fo rm ing  p r o p e r t i e s  o f  th e  m e t a l l i c  io n s .
U n f o r t u n a t e ly , no e x p e r im e n ta l  e v id e n c e  can  be g iv e n  i n  
d i r e c t  su p p o r t  o f  ( b ) .  I f  we c o n s id e r  t h a t  doub le  s a l t s  con­
s i s t  o f  s im ple  io n s  h e ld  t o g e t h e r  by s t a t i c  i n f l u e n c e ,  i t  i s  
f e a s i b l e  to  b e l i e v e  t h a t  fo rm a t io n  w i l l  commence i n  s o l u t i o n ,  
i . e .  m o le c u la r  complexes w i l l  be form ed, and i t  i s  e v id e n t  t h a t  
th e  fo rm a t io n  o f  th e s e  complexes w i l l  depend on th e  d i e l e c t r i c  
c o n s ta n t  o f  th e  s o l u t i o n .
T h is  c o n c e p tio n  o f  fo rm a t io n  o f  d oub le  s a l t  io n s  i n  s o l u t i o n  
i s  d e a l t  w i th  l a t e r  i n  t h i s  pap e r  (page, 109) i n  te rm s o f
r e l a t i v e  p r o b a b i l i t i e s .
W. Jo h n s to n  and R. M. Oaven have shown t h a t  a t  25° C, Zn S04  
and Mn SO4  form double  s a l t s  w i th  Ua2  S04 , ( 9 ) ,  b u t  n o t  a t  0° C. 
The fo rm a t io n  a t  25° , i s  e x p la in e d  on th e  r e l a t i v e  s o l u b i l i t y  o f  
th e  doub le  s a l t ,  a s  w i l l  be d e a l t  w i th  l a t e r ,  bu t  i t  i s  su g g e s te d  
he re  t h a t  th e  a l t e r a t i o n  o f  th e  d i e l e c t r i c  c o n s ta n t  o f  th e  medium, 
in f lu e n c e s  t h e  fo rm a tio n .  f u r t h e r  argum ents i n  su p p o r t  o f t h i s  
id e a  w i l l  be p r e s e n te d  l a t e r .
F u r t h e r ,  i f  th e  s u p p o s i t i o n  o f  K e n d a ll  (2) h o ld s ,  t h a t  
m o le c u la r  complexes a re  more l i k e l y  to  be formed betw een s a l t s  o f  
two e lem en ts  w i th  a  common io n  p la c e d  f a r  a p a r t  i n  th e  e l e c t r o ­
c h em ic a l  s e r i e s ,  i t  i s  f e a s i b l e  t h a t  th e  d i e l e c t r i c  c o n s t a n t  o f  
th e  medium a s  w e l l  a s  th e  c o n c e n t r a t i o n  o f  th e  io n s  w i l l  be o f  
p r im a ry  im p o r ta n c e .
The I n f lu e n c e  o f  th e  S o l u b i l i t y  o f  t h e  Component  S a l t s  
and th e  Double S a l t ,  on Double S a l t  f o r ma t i o n .
I n  th e  m a j o r i t y  o f  t e x t  books do u b le  s a l t  fo rm a t io n  from  
two component s a l t s  i n  s o l u t i o n  i s  d e s c r ib e d  as  i f  i t  were 
n e c e s s a r y  t h a t  each  o f  th e  components sh ou ld  be p r e s e n t  i n  
e q u im o la r  p r o p o r t io n s .  The f a c t  t h a t  do ub le  s a l t s  may be 
formed when th e  component s a l t s  a re  p r e s e n t  i n  o th e r  th a n  e q u i ­
m olar  p r o p o r t io n s  does n o t  seem t o  have been  g iv e n  s u f f i c i e n t  
prom inence though  S c h re in e m a k e rs (1) and v a n ’ t  H o ff  ( 1 1 ) ,  by 
s tu d y in g  th e  i n f lu e n c e  o f  each  component on th e  s o l u b i l i t y  o f  th e  
o th e r  and th e  double  s a l t ,  a t  s p e c i f i c  t e m p e r a tu r e s ,  c l e a r l y  
d em o n s tra te d  t h a t  double s a l t  cou ld  be formed from v a r y in g  
p r o p o r t io n s  o f component s a l t s .
The i n f lu e n c e  o f  a  s a l t  on th e  s o l u b i l i t y  o f  a n o th e r  has 
been th e  s u b je c t  o f  much work and th o u g h t4; and v a n ’ t  H o ff  u s in g  
th e  mechanism o f  th e  i o n i c  th e o r y  a s  propounded by A rrh e n iu s  
p ro v id ed  laws by which th e  s o l u b i l i t i e s  o f  s i n g l e  s a l t s  and 
double  s a l t  fo rm a tio n  cou ld  be i n  many c a se s  q u a l i t a t i v e l y  f o r e ­
t o l d .
Van’ t  H off a p p l i e d  the  th e o r y  o f  th e  s o l u b i l i t y  p ro d u c t  t o
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d o u b le  s a l t  f o r m a t io n .  He assumed t h a t  i n  th e  c a se  o f  a  s a l t  
i n  e q u i l i b r i u m  w i t h  i t s  s o l u t i o n  i n  w a te r  a t  a  c e r t a i n  t e m p e r a t u r  
r e v e r s i b l e  r e a c t i o n s ,  such  a s  th e  f o l lo w in g ,  to o k  p l a c e .
A B (A B) ■+■ [A] +  [Bj
s o l i d  u n io n is e d  s a l t  i o n i s e d
w here A B i s  t h e  s a l t  composed o f  th e  r a d i c l e s  A and  3 . a p p l y ­
i n g  th e  law o f  mass a c t i o n ,  t h e  e q u i l i b r i u m  c o n s t a n t  K i s  co n ­
n e c t e d  w i th  th e  c o n c e n t r a t i o n  o f  th e  u n i o n i s e d  and i o n i s e d  s a l t ,  
by
[ A ]  [ B j  = (A B) K.
S in c e  a t  c o n s t a n t  t e m p e ra tu re  t h e  q u a n t i t y  o f  u n - i o n i s e a  
s a l t  i n  e q u i l i b r i u m  w i th  s o l i d  s a l t  w i l l  be c o n s t a n t , th e  
e x p r e s s io n  (AB) K may be w r i t t e n  e q u a l  t o  a  c o n s t a n t  S, r e f e r r e d  
t o  a s  th e  s o l u b i l i t y  p r o d u c t .  T h is  p o s t u l a t e s  t h a t  t h e  p r o d u c t  
o f  th e  c o n c e n t r a t i o n s  o f  th e  i n d i v i d u a l  io n s  a t  c o n s t a n t  t e m p e r a ­
t u r e  i s  c o n s t a n t .  H ence , i f  t o  su c h  a  s o l u t i o n  u n d e r  t h e s e  co n -
*
d i t i o n s ,  a  s m a l l  q u a n t i t y ,  l e t  us s a y ,  o f  s a l t  BG was ad d ed , t h e  
c o n c e n t r a t i o n  o f  A i n  s o l u t i o n  would be d im in i s h e d ,  a s  t h e  con ­
c e n t r a t i o n  o f  B was i n c r e a s e d  -  i . e .  th e  s o l u b i l i t y  o f  t h e  s a l t  
AB would be d e c r e a s e d  by  th e  p r e s e n c e  o f  a n o th e r  s a l t  BC w i t h  a 
common io n .  A w e l l  known example o f  t h i s  phenomenon i s  th e  
p r e c i p i t a t i o n  o f  sodium  c h l o r i d e ,  from  i t s  s a t u r a t e d  s o l u t i o n  by 
th e  a d d i t i o n  o f  s u f f i c i e n t  h y d r o c h l o r i c  a c i d .











io n  formed a doub le  s a l t ,  a t  a  c e r t a i n  t e m p e r a tu r e ,  t h i s  was a  
f u n c t i o n  of th e  r e l a t i v e  s o l u b i l i t y  o f  th e  doub le  s a l t ,  and o f  
th e  component s a l t s ,  a t  t h a t  t e m p e ra tu re .
For exam ple, c o n s id e r  a  s a l t  AB, th e  s o l u b i l i t y  o f  which i s  
d e c re a se d  by th e  a d d i t i o n  o f  CB -  j u s t  a s  th e  s o l u b i l i t y  o f  CB 
i s  d e c re a se d  by th e  a d d i t i o n  o f  AB, and l e t  t h e s e  s o l u b i l i t i e s  
a t  a  c e r t a i n  t e m p e r a tu r e ,  be r e p r e s e n te d  i n  f i g u r e  2 .
The l i n e  e f  r e p r e s e n t s  th e  change i n  s o l u b i l i t y  o f  th e  
s a l t  AB w i th  i n c r e a s i n g  c o n c e n t r a t i o n  o f  CB. Thus th e  o r d i n a t e  
0:& r e p r e s e n t s  th e  c o n s t i t u t i o n  o f  th e  s o l u t i o n  i n  e q u i l i b r iu m  
w i th  s o l i d  AB a t  a  s p e c i f i c  t e m p e ra tu re .  With a d d i t i o n  o f  CB, 
t h i s  v a lu e  changes a lo n g  th e  curve e f ,  w i th  AB as  s o l i d  p h a s e ,  
t i l l  t h e  p o in t  f  i s  rea ch e d . At t h i s  p o i n t ,  th e  s o l i d  phase  
i s  a  m ix tu re  o f  CB and AB. S i m i l a r ly ,  th e  curve d f  r e p r e s e n t s  
th e  change i n  s o l u b i l i t y  o f  CB w i th  i n c r e a s e d  c o n c e n t r a t i o n  o f  
AB. At f  s o l i d  AB and CB a re  i n  e q u i l ib r iu m  w i th  a s o l u t i o n  
o f  co m po s it io n  r e p r e s e n te d  by th e  c o -o rd in a te s  o f  th e  p o in t  f .
The curve e fd  i s  th e  boundary  curve  f o r  s a t u r a t e d  s o l u t i o n s .  
The a re a  eOdf r e p r e s e n t s  u n s a tu r a te d  s o l u t i o n s ,  w h i l s t  p o i n t s  
l y in g  o u ts id e  t h i s  a r e a  r e p r e s e n t  e i t h e r  s u p e r - s a t u r a t e d  s o l u t i o n s ,  
or m ix tu re s  o f  s a t u r a t e d  s o l u t i o n s  and s o l i d  s a l t .
Bow c o n s id e r  th e  s o l u b i l i t y  of a  double  s a l t  AB.CB a t  th e  
g iv en  te m p e ra tu re .  S ince th e  double  s a l t  i s  composed, l e t  us 
s a y ,  o f  one m olecu le  o f  each o f  th e  component s a l t s ,  i t s  s a t u r a t e d
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s o l u t i o n  m ust foe r e p r e s e n t e d  by a  p o i n t  which, w i l l  l i e  on th e  
b i s e c t o r  o f  th e  a n g le  eOd, e . g .  1 c 1. p i g .  3 . )
how d o u b le  s a l t s  a r e  n o t  s t a b l e  a t  a l l  t e m p e r a t u r e s .  h o r
e ac h  d o u b le  s a l t  t h e r e  i s  a  t r a n s i t i o n  t e m p e r a tu r e  -  i . e .  a  
t e m p e r a tu r e  a t  w hich  th e  d o u b le  s a l t  decom poses. F u r t h e r ,  th e  
d o u b le  s a l t  may be s t a b l e  e i t h e r  above o r  be low  t h e  t r a n s i t i o n  
t e m p e r a tu r e .
L et u s  suppose  t h a t  th e  d o u b le  s a l t  AB. CB i s  s t a b l e  above 
t h e  t r a n s i t i o n  p o i n t ,  i . e .  i t  can  be form ed from  t h e  s i n g l e  s a l t s  
a t  t e m p e ra tu re s  above th e  t r a n s i t i o n  p o i n t .  ( 1 0 )
At t e m p e r a tu r e s  below  th e  t r a n s i t i o n  p o i n t  t h e  s o l u b i l i t y  
o f  th e  d o u b le  s a l t  i s  g r e a t e r  t h a n  t h a t  o f  a  m ix tu re  o f  th e  two 
s a l t s ,  so t h a t  a  cu rv e  r e p r e s e n t i n g  i t s  s o l u b i l i t y  w i th  s o l u ­
t i o n s  o f  v a r y i n g  c o m p o s i t io n  would l i e  above th e  p o i n t  ’ f 1 i n  
t h e  r e g io n  r e p r e s e n t i n g  s o l u t i o n s  s u p e r s a t u r a t e d  w i th  r e s p e c t  to  
t h e  s i n g l e  s a l t s .  (See F ig .  S . )
Such s o l u t i o n s  would be m e t a s t a b l e ,  and on coming i n t o  con­
t a c t  w i th  one o r  o t h e r  o f  th e  s i n g l e  s a l t s  would d e p o s i t  t h i s , 
and f i n a l l y  g iv e  a  s o l u t i o n  r e p r e s e n te d  by t h e  p o i n t  f .  Thus 
a t  t h i s  g iv e n  te m p e ra tu re  below  th e  t r a n s i t i o n  p o i n t ,  a  s o l u b i l i t  
cu rve  o f  t h e  two s a l t s  w i l l  be o f  th e  ty p e  e f d .  ( F ig ,  2)
At t h e  t r a n s i t i o n  p o i n t ,  t h e  d o u b le  s a l t  c an  rem a in  i n  
e q u i l i b r i u m  w i t h  i t s  component s a l t s  and s o l u t i o n ,  th u s  th e  
cu rv e  o f  i t s  s o l u b i l i t y  w i l l  p a ss  th ro u g h  th e  p o i n t  f  a s  i n  














low i f  one component, a t  th e  t r a n s i t i o n  t e m p e ra tu re  i s  
more s o lu b le  th a n  th e  o t h e r ,  th e  p o i n t  f  w i l l  l i e  e i t h e r  to  th e  
l e f t ,  o r  r i g h t  o f  th e  b i s e c t o r  o f  eQd a s  i n  P ig u re  4 .
Thus th e  p o i n t  c r e p r e s e n t i n g  t h e  c o m p o s i t io n  o f  a s a t u r a ­
te d  s o l u t i o n  o f  th e  doub le  s a l t  l i e s  i n  t h e  a r e a  r e p r e s e n t i n g  
s u p e r s a tu r a t e d  s o l u t i o n ;  and such  a s o l u t i o n ,  b e in g  m e t a s t a b l e ,  
would change i t s  c o m p o s it io n  w ith  d e p o s i t i o n  o f  th e  s i n g l e  s a l t s  
u n t i l  f  was re a c h e d .  I n  o th e r  w ords , i f  e x c e ss  o f  doub le  s a l t  
was s t i r r e d  w ith  w a te r  a t  t h e  t r a n s i t i o n  t e m p e r a tu r e ,  d e co m p o s i t­
io n  would ta k e  p la c e  w i th  d e p o s i t i o n  o f  AB, and th e  c o n c e n t r a t i o n  
o f  CB i n  th e  s o l u t i o n  would i n c r e a s e ,  t i l l  t h e  p o in t  f  was re a c h e d .
Of c o u r s e ,  i f  th e  s o l u b i l i t i e s  o f  th e  component s a l t s  a re  
i d e n t i c a l ,  a s  i n  th e  case  o f  o p t i c a l  i s o m e r id e s ,  t h e  p o i n t  f  w i l l  
be on th e  b i s e c t o r  o f  th e  a n g le  eOd, and th e  p u re  s a t u r a t e d  s o lu ­
t i o n  o f  th e  double  s a l t  would n o t  be s u p e r s a tu r a t e d  w i th  r e s p e c t  
t o  e i t h e r  o f  th e  component s a l t s ,  so t h a t  th e  doub le  s a l t  w ould , 
t h e r e f o r e ,  n o t  be decomposed by w a te r .
The i s o th e r m a l  curve  a t  th e  t r a n s i t i o n  t e m p e r a tu r e ,  t h e r e ­
f o r e ,  c o n s i s t s  o f  two b ran c h es  e f  and fd .
At a te m p e ra tu re  above th e  t r a n s i t i o n  p o in t  th e  s o l u b i l i t y  
o f th e  double  s a l t  w i l l  be l e s s  th a n  t h a t  o f  a m ix tu re  o f  th e  two 
s a l t s ,  and c o n se q u e n t ly  th e  p o in t  f  w i l l  l i e  o u t s id e  th e  boundary  
o f  th e  double  s a l t  curve as  r e p r e s e n te d  by f i g u r e  5 ,  *f 1 w i l l  
r e p r e s e n t  a  c o n d i t io n  o f  m e t a s t a b i l i t y ,  i . e .  a  s u p e r s a tu r a t e d
s o l u t i o n  a s  r e p r e s e n te d  by 1 f 1 , i n  c o n ta c t  w i th  a  m ix tu re  o f  th e  
two component s a l t s ,  would change i n  c o m p o s i t io n  w i th  fo rm a t io n  
o f  th e  doub le  s a l t ,  u n t i l  t h e  s o l u t i o n  reach ed  a  c o m p o s i t io n  ' 
r e p r e s e n te d  by some p o in t  on th e  cu rve  b c a ,  when th e  s o l i d  phase  
would c o n s i s t  o f  double  s a l t  o n ly .  The p o i n t s  1 b 1 and 'a* r e p r e ­
s e n t  doub le  s a l t  i n  e q u i l i b r iu m  w i th  s o l u t i o n  o f  c o m p o s i t io n  as  
g iv e n  by th e  c o -o r d in a te s  o f  b and w i th  s o l i d  s a l t  AB, i n  th e  c a se  
o f  Tb ' , and o f  s o l u t i o n  r e p r e s e n te d  by th e  c o -o rd in a te s  o f  th e  
p o in t  f a T and s o l i d  s a l t  OB, i n  t h e  case  o f  ’ a 1.
I n  connex ion  w i th  t h e  above f i g u r e  i t  sh o u ld  be n o te d  t h a t ,  
a t  a c e r t a i n  te m p e ra tu re  above th e  t r a n s i t i o n  p o i n t ,  and below 
th e  te m p e ra tu re  o f  th e  d iag ram , th e  p o i n t s  b and f  w i l l  c o in c id e ,  
and a t  such  a t e m p e r a tu re ,  and te m p e ra tu re s  above i t ,  th e  doub le  
s a l t  w i l l  n o t  be decomposed by w a te r .  A s i m i l a r  c ase  co u ld  o ccu r  
w i th  th e  p o i n t  a .
A ccord ing  to  t h i s  th e o ry  th e n ,  th e  fo rm a t io n  o f  th e  doub le  
s a l t  i s  c o n t in g e n t  on s o l u b i l i t y  a lo n e ,  i t  b e in g  supposed  t h a t  
th e  a d d i t i o n  o f  one s a l t  red u c es  th e  s o l u b i l i t y  o f  th e  o th e r  in  
a cco rdance  w i th  th e  s o l u b i l i t y  p ro d u c t  law. In  o t h e r  words t h i s  
p o s t u l a t e s  t h a t  t h e  s e p a r a t i o n  o f  the  double  s a l t  a t  b i s  n o t  p r e ­
ceded by i t s  fo rm a t io n  i n  s o l u t i o n ,  th e  s a l t  b e in g  h e ld  to -  be 
c o m p le te ly  d i s s o c i a t e d  i n  s o l u t i o n  a l th o u g h  th e s e  s o l u t i o n s  a re  
s a t u r a t e d .
Such a th e o ry  d e te rm in e s  t h a t , i f  to  a  s a l t  i n  e q u i l i b r iu m  
w i th  i t s  s a t u r a t e d  s o l u t i o n  a t  a  g iv en  t e m p e r a tu re ,  a n o th e r  s a l t
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with, an  io n  common t o  t h a t  of t h e  f i r s t  s a l t  he added , e q u i l i b ­
rium  w i l l  be d i s t u r b e d  i n  such  a way t h a t  th e  s o l u b i l i t y  o f  th e  
s o l i d  phase  s a l t  w i l l  be d e c re a s e d .  E x p e r im e n ta l  e v id e n c e  does 
n d t  s u p p o r t  t h i s  v iew  e n t i r e l y .  In  f a c t ,  i n  th e  m a j o r i t y  o f  
c a s e s ,  th e  s o l u b i l i t y  o f  the  s o l i d  phase  s a l t  i s  i n c r e a s e d .
T h is  phenomena may be c ap a b le  o f two e x p l a n a t i o n s ,  one on 
th e  b a s i s  o f  complex io n  f o r m a t io n ,  the  o th e r  on th e  b a s i s  o f  
th e  Debye-Huckel th e o r y .
Complex I on f o r m a t io n  and S o l u b i l i t y ^
I t  has been  g e n e r a l  t o  d i f f e r e n t i a t e  double  s a l t s  from 
complex, s a l t s ,  by th e  f a c t  t h a t  double  s a l t s  have i n d i v i d u a l i t y  
i n  th e  s o l i d  s t a t e  o n ly ,  w hereas complex s a l t s  have c h a r a c t e r ­
i s t i c s  i n  th e  s o l i d  s t a t e  and i n  s o l u t i o n ,  i . e .  d oub le  s a l t s  
when d i s s o lv e d  show th e  r e a c t i o n s  o f  t h e i r  component r a d i c l e s  
and e x h i b i t  no p r o p e r t i e s  no t  a s s o c i a t e d  w i t h  t h e s e  co m ponen ts , 
w h i l s t  a  s o l u t i o n  o f  complex s a l t s  e x h i b i t s  new c h em ic a l  p ro p ­
e r t i e s ,  and does n o t  g ive  th e  ch em ica l  r e a c t i o n s  o f i t s  com­
ponen t s a l t s .
T y p ic a l  examples of doub le  and complex s a l t s  a re  p o ta s s iu m  
i r o n  s u l p h a t e ,  and p o ta s s iu m  f e r r o c y a n i d e , r e s p e c t i v e l y .  The 
fo rm a t io n  o f  th e s e  s a l t s  may be r e p r e s e n te d
Kg S0 4 *f-fe S04  +  . 6  H^O, = Kg S04  Ee S04  6  HgO.
4 E C S  +  Fe (Cff)g = X4 [ ^ e  ( C1I )6J
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A s o l u t i o n  o f  p o ta s s iu m  f e r r o u s  s u lp h a te  e x h i b i t s  a l l  th e  
r e a c t i o n s  a s s o c i a t e d  w i th  f e r r o u s ,  p o ta s s iu m  and s u l p h a t e  i o n s ,  
h u t  a  s o l u t i o n  o f  p o ta s s iu m  f e r r o c y a n id e  does n o t  show r e a c t i o n s  
i n d i c a t i n g  t h e  p re s e n c e  o f  f e r r o u s  o r  cy an id e  io n s  -  h u t  t h o s e '  
i n d i c a t i n g  th e  p re s e n c e  o f  a  new io n  -  th e  f e r r o c y a n id e  io n .
An e x a m in a t io n  o f  t h e  methods o f  p r e p a r a t i o n  o f  t h e  above 
s a l t s  shows a f u r t h e r  d i s t i n c t i o n  betw een th e  two c l a s s e s .
P o ta ss iu m  and f e r r o u s  s u lp h a te s  a re  b o th  s o lu b le  i n  w a te r  and th e  
double  s a l t  i s  formed by c r y s t a l l i s a t i o n  from  t h e i r  mixed s o l u t i o n ;  
i . e .  th e  doub le  s a l t  i s  l e s s  s o l u b l e  th a n  e i t h e r  o f  i t s  component 
s a l t s .  P o ta ss iu m  f e r r o c y a n id e  i s  formed by a d d in g  p o ta s s iu m  
cy an id e  t o  a  f e r r o u s  s a l t  s o l u t i o n .  At f i r s t  f e r r o u s  c y an id e  i s  
p r e c i p i t a t e d ,  b u t  when ex cess  o f  p o ta s s iu m  cy an id e  has  been  added , 
th e  p r e c i p i t a t e  i s  d i s s o lv e d  owing to  th e  fo rm a t io n  o f  th e  complex 
s a l t ,  p o ta s s iu m  f e r r o c y a n i d e ,  which i s  much more s o lu b le  i n  w a te r  
t h a n  f e r r o u s  c y a n id e .  Thus t h e r e  i s  a v e ry  s h a rp  b re a k  i n  th e  
c o n t i n u i t y  o f  p r o p e r t i e s  i n  t h e  fo rm a t io n  o f  th e  complex s a l t ,  bu t  
n o t  w i th  th e  fo rm a t io n  o f  t h e  double  s a l t  ( Caven (4 ) ) .
F u r t h e r ,  fo rm a t io n  o f  th e  complex s a l t ,  i . e .  f o rm a t io n  o f  
complex io n s  i n  s o l u t i o n ,  i s  a s s o c i a t e d  w i th  i n c r e a s e  i n  s o l u b i l ­
i t y ,  w h i l s t  a c c o rd in g  to  v a n ' t  H o ff ,  b u t  n o t  a s  a  m a t t e r  o f  f a c t ,  
th e  r e v e r s e  i s  th e  case  w i th  t h e  doub le  s a l t .
How when complex io n s  a re  form ed, as i n  th e  above c a s e ,  th e  
p r i n c i p l e  o f  th e  s o l u b i l i t y  p ro d u c t  canno t be a p p l i e d  to  th e
2 2 .
o r i g i n a l  c y an id e  io n s  s in c e  th e y  a r e  no lo n g e r  p r e s e n t ,  f o r  
when p o ta s s iu m  cy an id e  i s  added to  a  s u s p e n s io n  o f  f e r r o u s  
c y a n id e ,  th e  s o l u b i l i t y  o f  t h e  f e r r o u s  cy an id e  a p p e a rs  t o  he 
i n c r e a s e d  by th e  a d d i t i o n  o f  th e  common io n  due to  th e  fo rm a t io n  
o f  t h e  complex i o n  ,T,T £ J?e( CIJ) g j .
Thus th e  fo rm a t io n  o f  complex io n s  r e a s o n a b ly  e x p la in s  th e  
sudden  i n c r e a s e  o f  s o l u b i l i t y  i n  th e  above e a s e ;  and c o n v e r s e ly ,  
i n  s i m i l a r  c a se s  o f  th e  i n f lu e n c e  o f  a  s a l t  on th e  s o l u b i l i t y  o f  
a n o th e r  where an  i n c r e a s e  i n  s o l u b i l i t y  i s  o b se rv e d ,  c o n t r a r y  to  
th e  law o f  s o l u b i l i t y  p r o d u c t ,  t h i s  i n c r e a s e  i n  s o l u b i l i t y  may 
be t a k e n  a s  a  s ig n  o f  complex io n  fo rm a t io n .
R. M. Caven and h i s  c o l l a b o r a t o r s  ( 4 ) ,  on e x te n s iv e  e x p e r i ­
m e n ta l  d a t a ,  o f f e r  a  c o n v in c in g  th e o r y  o f  doub le  s a l t  f o r m a t io n ,  
i n v o lv in g  th e  f o rm a t io n  o f  complex io n s .  I n  th e  t h e o r y  o f  
v a n * t  H o f f ,  s e p a r a t i o n  o f  th e  double  s a l t  i s  n o t  supposed  to  
have b een  p reced ed  by i t s  fo rm a t io n  i n  s o l u t i o n ;  w h i l s t  i n  th e  
Oaven th e o ry ,  fo rm a t io n  o f  doub le  s a l t  i n  s o l u t i o n  i s  assumed to  
ta k e  p la c e  p re v io u s  to  i t s  c r y s t a l l i s a t i o n .
C o n sid e r  t h e  case  o f  p o ta s s iu m  and f e r r o u s  s u l p h a t e s .  In  
d i l u t e  s o l u t i o n  t h e r e  w i l l  be p r e s e n t  th e  io n s  £ ,  JPe” , and SO4 " . 
I f  th e  c o n c e n t r a t i o n  i s  in c r e a s e d  t h e r e  w i l l  be p r e s e n t  
u n - io n is e d  f e r r o u s  s u lp h a te  -  IPe SO4 . T h is  w i l l  be formed 
b e fo re  un*-.ionised p o ta s s iu m  s u lp h a te  EgSO-i, on acco u n t o f  th e  
l e s s e r  p o l a r i s a b i l i t y  -  o r  degree  o f  d i s s o c i a t i o n  o f  f e r r o u s
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s u l p h a t e .  I f  th e  c o n c e n t r a t i o n  o f  s u l p h a te  r a d i c l e  io n s  -  SO4  
i s  g r e a t  enough t h e r e  w i l l  he formed f e r r o s d i s u l p h a t e  i o n s ,  i . e .
2  X ’ + S0 4" f  f e  SO4  2  K" -f- [Fe (S 0 4 )2J  "
J u s t  a s  i n  th e  case  o f  f e r r o u s  c y an id e  and p o ta s s iu m  c y a n id e .
When th e  c o n c e n t r a t i o n  o f  th e s e  io n s  becomes g r e a t  enough, do ub le  
s a l t  c r y s t a l l i s e s  from  s o l u t i o n .
I n  t h e  c ase  o f  l i t h i u m  s u lp h a te  and f e r r o u s  s u lp h a te  where 
no double  s a l t  i s  form ed, th e  c o n c e n t r a t i o n  o f  SO4 ” io n s  from 
th e  l i t h i u m  s u lp h a te  i s  to o  sm a ll  to  cause  th e  fo rm a t io n  o f  th e  
( 3 0 4 )2 ] " io n s .  (See h 'ig . 1 ) .
S i m i l a r l y  th e  fo rm a t io n  o f  p o ta s s iu m  alum would ta k e  p l a c e : -  
2K*1-S04" +  A lg(S0 4 ) 3  2 r +  [A12 (S04) ^  "
W ith l i t h i u m  s u lp h a te  t h e r e  would n o t  be enough l i t h i u m  and 
s u lp h a te  io n s  to  b r in g  abo u t complex io n  fo rm a t io n .
I t  must be p o in te d  o u t ,  how ever, t h a t  a n a l y t i c a l  t e s t s  shew 
no i n d i c a t i o n  o f  complex io n s  b e in g  formed i n  s o l u t i o n s  o f  th e  
a lum s. A s o l u t i o n  o f  p o ta s s iu m  alum f o r  example shows th e  
r e a c t i o n s  o f  p o ta s s iu m , alum inium  and s u lp h a te  i o n s ,  b u t  no 
a n a l y t i c a l  t e s t s  i n d i c a t e  th e  p re se n c e  o f  io n s  o f  th e  ty p e  
[  A12(S0 4 )4] " .
T h is  e x p la n a t io n  o f  double  s a l t  fo rm a t io n  as  a  f u n c t i o n  o f  
th e  c o n c e n t r a t i o n  o f  c e r t a i n  io n s  i s  i n  a g re em e n t,  and i s  th e  
complement o f  th e  view  o f  K e n d a ll  (2 )  o u t l in e d  e a r l i e r .
I t  f o l lo w s ,  th e n ,  from t h i s  th e o r y ,  t h a t  double s a l t
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s e p a r a t i o n  i s  p reced ed  by th e  fo rm a t io n  o f  do ub le  s a l t  io n s  i n  
s o l u t i o n ,  and c o n s e q u e n t ly  i n  c a se s  where double  s a l t  fo rm a t io n  
ta k e s  p l a c e ,  th e  p re se n c e  o f  one component s a l t  w i l l  p roduce  an  
in c r e a s e  i n  s o l u b i l i t y  above what t h e  law o f  s o l u b i l i t y  p ro d u c t  
would a l lo w . In  c a se s  where no d oub le  s a l t  i s  formed a d e c r e a s e  
i n  s o l u b i l i t y  o f  one s a l t  by th e  presence  o f  th e  other Is p r e d i c t e d .
Many e x p e r im e n ta l  d a t a  s u p p o r t  t h e  th e o r y .  For exam ple , 
S ch re in em ak ers  (12) found th e  s o l u b i l i t y  o f  f e r r o u s  s u lp h a te  a t  
30° G t o  be in f lu e n c e d  by ammonium s u lp h a te  and l i t h i u m  s u l ­
p h a te  r e s p e c t i v e l y ,  as shown i n  f i g u r e  6 .
I t  w i l l  be se e n  from th e  above f i g u r e  t h a t  w i th  ammonium 
s u lp h a te  t h e r e  i s  an i n c r e a s e  o f  th e  s o l u b i l i t y  o f  f e r r o u s  
s u lp h a te  up to  th e  fo rm a tio n  o f  th e  double  s a l t ,  as  would be 
e x p ec te d  from th e  t h e o r y ,  w h i le  th e  s o l u b i l i t y  o f  f e r r o u s  s u l ­
p h a te  i s  d e c re a s e d  by th e  a d d i t i o n  o f  l i t h iu m  s u l p h a te .  F u r t h e r ,  
a t  35° C, th e  s o l u b i l i t y  o f  manganese s u lp h a te  i s  d e c re a se d  by 
th e  a d d i t i o n  o f  sodium s u l p h a t e ,  b u t  th e  decrease i n  s o l u b i l i t y  
i s  l e s s  th a n  th e  s o l u b i l i t y  p ro d u c t  law would a l lo w ;  th e  doub le  
s a l t  Mn SO4  Hag SO4  4 HgO i s  formed a t  t h i s  t e m p e r a tu re .  (1 3 ) .
Thus i n  c a se s  o f  an i n c r e a s e  in  s o l u b i l i t y  o f  a  s a l t  caused  
by th e  p re se n c e  o f  a n o th e r ,  t h i s  th e o r y  fa v o u rs  th e  e x p la n a t io n  
o f  complex io n  fo rm a t io n  a s  th e  cause o f  th e  i n c r e a s e .
An e x am in a tio n  of th e  s o l u b i l i t y  o f  d a ta  i n  th e  l i g h t  o f  
th e  Debye H uckel th e o r y  shows, however, t h a t  in c r e a s e  i n  s o l u -
25.
b i l i t y  o f  a  s u b s ta n c e  "by th e  a d d i t i o n  o f  a n o th e r  i s  n o t  n e c e s ­
s a r i l y  due to  complex i o n  f o r m a t io n .
The Deby e -H u ck e l  t h e o r y o f  So l u t i o n o f  E l e c t r o l y t e s .
B efo re  d e a l i n g  w i th  th e s e  p o i n t s  from th e  modern s t a n d p o i n t ,  
i t  i s  c o n v e n ie n t  to  d e s c r ib e  b r i e f l y  t h e  developm ent o f  th e  
t h e o r i e s  o f  s o l u t i o n  l e a d in g  up to  th e  D ebye-H uckel T heory  and 
t o  g iv e  an  o u t l i n e  o f  t h i s  th e o r y  o f  s o l u b i l i t y  from th e  a s p e c t  
o f  th e  s o l u b i l i t y  o f  mixed e l e c t r o l y t e s .
The c l a s s i c a l  i o n i z a t i o n  th e o r y  o f  s o l u t i o n  was d e v e lo p ed  
t o  accoun t f o r  t h r e e  p r o p e r t i e s  common to  a c i d s ,  b a s e s ,a n d  
s a l t s .  These p r o p e r t i e s  were
( 1 ) th e  a lm ost in s t a n ta n e o u s  r e a c t i o n s  o f  i n o r g a n ic  
c h e m is try  i n  which r a d i c l e s  were in te rc h a n g e d  a t  r a t e s  
i n f i n i t e l y  q u ic k e r  th a n  i n  o rg a n ic  c h e m is try  r e a c t i o n s ;
( 2 ) t h e  a l t e r a t i o n  i n  v a lu e  o f  e q u iv a le n t  c o n d u c t i v i t i e s  
w i th  d i l u t i o n  to  a  f i n i t e  l i m i t ;
(3 ) van * t H o f f 's  o b s e r v a t io n ,  t h a t  th e  o sm otic  p r o p e r t i e s  
o f  t h i s  c l a s s  o f  su b s ta n c e  a lw ays exceeded t h a t  p r e ­
d i c t e d  by h i s  gas  law e q u a t io n ,  which he had d em on s tra ­
t e d  t o  be v a l i d  f o r  n o n - e l e c t r o l y t e s  i n  d i l u t e  s o l u t io n .
To acco u n t f o r  th e  f i r s t  p r o p e r ty ,  i t  was su g g e s te d  by 
B. C la u s iu s  and G-rotthus (1807 to  1860) t h a t  th e  ty p e  o f  sub­
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s t a n c e s  which we now te rm  e l e c t r o l y t e s  were p a r t i a l l y  d i s s o c ­
i a t e d  a t  th e  moment o f  d e co m p o s i t io n .
I n  connex ion  w i th  e q u iv a le n t  c o n d u c t i v i t i e s  many d a t a  were 
o b ta in e d  by H o h lrau sch ,  and th e  v a lu e s  o f  o sm o tic  p r e s s u r e s  o f  
many e l e c t r o l y t e s  i n  s o l u t i o n  were o b ta in e d  by v a n f t  H o ff .  I t  
rem ained  f o r  A rrh e n iu s  t o  p ropo se  h i s  famous 1 i o n i c  h y p o t h e s i s '  
which seemed t o  acco u n t f o r  many o f  th e  r e s u l t s  o f  K o h lrau sch  
and v a n ' t  H off .  A rrh e n iu s  p u t  fo rw ard  th e  v iew  t h a t  th e  e l e c ­
t r o l y t e s ,  when d i s s o lv e d  i n  w a te r ,  w e re , p a r t i a l l y  o r  w h o l ly ,  
s p l i t  up i n t o  p a r t i c l e s  which were e l e c t r i c a l l y  o p p o s i t e l y  
c h a rg ed .  F u r t h e r ,  th e  amount o f  s p l i t t i n g  up -  o r  t h e  deg ree  
o f  d i s s o c i a t i o n  o f  th e  su b s ta n c e  a p p ea red  dependen t on th e  
c o n c e n t r a t i o n s  -  a t  low c o n c e n t r a t i o n s  s a l t s  seemed c o m p le te ly  
d i s s o c i a t e d ,  and th e  d i s s o c i a t i o n  d e c re a se d  a s  th e  c o n c e n t r a ­
t i o n  was i n c r e a s e d ,  up to  a  p o i n t .  I t  was h e ld  t h a t  a t  d e f i n i t e  
te m p e ra tu re s  an  e q u i l ib r iu m  was m a in ta in e d  betw een  th e  u n - io n i s e d  
s a l t  and th e  io n s  which were s p l i t  o f f ,  t o  which th e  law o f  mass 
a c t i o n  cou ld  be a p p l i e d .
Such a h y p o th e s is  e x p la in e d  th e  main f e a t u r e s  o f  conduc­
t i v i t y  and o f  t h e  osm otic  p r o p e r t i e s .  With t h e  p a s s in g  o f  t im e ,  
however, and w ith  th e  a c c u m u la t io n  o f  d a t a ,  many d i s c r e p a n c i e s  
be tw een observed  and deduced v a lu e s  a p p ea red . For exam ple, i n  
c o n d u c t iv i t y  m easurem ents c a se s  were found where th e  d e g re e s  o f  
d i s s o c i a t i o n  a p p a r e n t ly  d e c re a se d  w i th  i n c r e a s e  i n  c o n c e n t r a ­
t i o n  up to  a  p o i n t ,  and th e n  began  to  i n c r e a s e  w i t h  i n c r e a s e  i n
27.
c o n c e n t r a t i o n .
A lso i n  s o l u b i l i t y  m easurem ents th e  p r e d i c t i o n s  by th e  
c l a s s i c  th e o r y  were n o t  g e n e r a l l y  f u l f i l l e d .  By th e  t h e o r y ,  
i f  t o  a s a t u r a t e d  s o l u t i o n  o f  s a l t
( 1 ) a n o th e r  s a l t  w i th  no io n  common to  th e  f i r s t  was 
added , th e  s o l u b i l i t y  o f  th e  f i r s t  s a l t  sh o u ld  
be u n in f lu e n c e d  by th e  p re s e n c e  o f  th e  second 
or ( 2 ) a  s a l t  w i th  a  common io n  was added , th e  deg ree  o f  
d i s s o c i a t i o n  o f  th e  f i r s t  s a l t  sho u ld  be d e c re a s e d  
w i th  consequen t d e c re a s e  i n  s o l u b i l i t y .
An e x a m in a t io n  o f  th e  d a ta  o f  s o l u b i l i t i e s  p roved  t h a t  th e  
c a se s  which fo l lo w ed  th e  th e o r y  were i n  a m in o r i ty .
In  1904 Hoyes (14) p o in te d  ou t t h a t  H/30 s o l u t i o n s  o f  th e  
l i t h i u m ,  sodium , t h a l l i u m ,  p o ta s s iu m , z i n c ,  b e ry l l iu m  s a l t s  o f  
bromocamphoronic a c id  had th e  same r o t a r y  power though  con­
d u c t i v i t y  m easurem ents gave 84$ d i s s o c i a t i o n  i n  th e  case  o f  
u n iv a le n t  s a l t s ,  and 70$ in  th e  case  o f  d i v a l e n t  s a l t s .  He 
su g g e s te d  t h a t  th e  s a l t s  were c o m p le te ly  d i s s o c i a t e d  i n  s o l u t i o n .
Bjerrum  (15) and M iln e r  (16) w e re , however, th e  f i r s t  t o  
champion th e  view t h a t  s t r o n g  e l e c t r o l y t e s  were a c l a s s  co m p le te ­
ly  d i s s o c i a t e d  -  or a t  l e a s t  p r a c t i c a l l y  so  -  even a t  m odera te  
c o n c e n t r a t i o n s ,  and t h a t  th e  v a r io u s  d i s c r e p a n c ie s  m ight be 
accoun ted  f o r  by the  i n t e r i o n i c  fo rc e s  a r i s i n g  from th e  s t r o n g  
e l e c t r i c  f i e l d s  s e t  up by th e  c h a rg es  on th e  io n s .
28.
The s t u d i e s  o f  th e  Braggs (17) and o t h e r s ,  on t h e  s t r u c t u r e  
o f  c r y s t a l s ,  f u r n i s h e d  s t r o n g  s u p p o r t in g  e v id e n c e  o f  t h e  new 
p o in t  o f  v iew . I t  was shown t h a t  s o l i d  sodium c h lo r i d e  c o n s i s t s  
o f  io n s  a r r a n g e d  i n  a cu b ic  l a t t i c e ,  i n  su ch  a way t h a t  each io n  
i s  su r ro u n d e d  a t  e q u a l  d i s t a n c e s  by s i x  c h lo r i n e  i o n s ,  and s im i ­
l a r l y  each  c h lo r i n e  io n  w i th  s i x  sodium i o n s .  In  o th e r  words 
sodium c h lo r i d e  i n  th e  s o l i d  s t a t e  i s  c o m p le te ly  i o n i s e d .
F u r t h e r ,  th e  c a l c u l a t i o n s  o f  Born, Debye, S c h e r r e r ,  t f a j a n s , e t c . ,  
on th e  m agnitude  o f  th e  space  l a t t i c e  en e rg y  (18) showed t h a t  
th e  f o r c e s  h o ld in g  th e  io n s  t o g e t h e r  a r e  e l e c t r o s t a t i c .
S ince  th e  s u g g e s t io n ,  by Van L a a r ,  ( 1 9 ) ,  S u th e r la n d  ( 2 0 ) ,  
and B jerrum  ( 1 5 ) ,  t h a t  th e  f i e l d s  o f  th e  io n s  must be c o n s id e re d  
to  accou n t f o r  th e  p r o p e r t i e s  o f  s o l u t i o n s  o f  s t r o n g  e l e c t r o l y t e s ,  
many e f f o r t s  have been  made to  c a l c u l a t e  th e  m agnitude  o f  th e  
e f f e c t s  o f  th e s e  f i e l d s ,  from p u r e ly  p h y s i c a l  c o n s i d e r a t i o n s .  
M iln e r  (21) was th e  f i r s t ,  bu t h i s  method o f  c a l c u l a t i o n  was so 
complex t h a t  he was r e s t r i c t e d  t o  u n i - u n i v a l e n t  s a l t s .  Ghosh, 
on th e  o th e r  hand , ( 2 2 ) ,  made c a l c u l a t i o n s  w hich were shown to  
be t h e o r e t i c a l l y  unsound by Kraus ( 2 3 ) ,  Chapman and George (2 4 )^  
and K e n d a l l  (4 9 ) .
n
The c a l c u l a t i o n s  o f  Debye and H uckel a r e  based  on th e  p r i n ­
c i p l e s  o f  therm odynam ics and e l e c t r i c i t y .  The fu n d am en ta l  i d e a  
u n d e r ly in g  th e  th e o ry  o f  Debye, as  w e l l  a s  t h a t  o f  M i ln e r ,  i s ,  
t h a t  owing to  e l e c t r i c a l  a t t r a c t i o n s ,  an  io n  o f  g iv e n  s ig n  w i l l ,
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on  th e  a v e ra g e ,  he su rro u n d ed  by more io n s  o f  u n l ik e  s ig n  th a n
io n s  o f  l i k e  s ig n .
When such a  s o l u t i o n  i s  d i l u t e d  in  a  l a r g e  volume, th e  
io n s  .become s e p a r a t e d  to  such an e x te n t  t h a t  th e  m utual e l e c ­
t r o s t a t i c  f o r c e s  a r e  no lo n g e r  o f  s i g n i f i c a n c e ,  and u n ifo rm  
random d i s t r i b u t i o n  o f  th e  io n s  p r e v a i l s  -  i n  o t h e r  w ords, th e  
g a s  law s become v a l i d .  I f  th e  e x c e s s  o f  e l e c t r i c a l  work 
in v o lv e d  in  t h i s  i s o th e rm a l  d i l u t i o n ,  due to  th e  re a r ra n g e m e n t  
o f  th e  r e l a t i v e  p o s i t i o n s  o f  th e  io n s ,  can  be c a l c u l a t e d ,  th e  
e x t e n t  o f  th e  d e v i a t i o n  from th e  g a s  law s ,  i n  te rm s  o f  what i s  
known a s  th e  a c t i v i t y  c o e f f i c i e n t  o f  th e  i o n s , c a n  be e v a lu a t e d .
The a c t i v i t y  c o e f f i c i e n t  o f  th e  i t h  s o r t  o f  io n  in  a
s o l u t i o n  c o n ta in in g  io n s  o f  th e  i t h  ----  s t h  s o r t s ,  h a s  been
e x p re s s e d  m a th e m a tic a l ly *  by e q u a t io n  ( 1 1 ) .
Where £ -  e le m e n ta ry  quantum o f  e l e c t r i c i t y
D -  d i e l e c t r i c  c o n s t a n t  o f  th e  medium ( s o l v e n t )
T -  a b s o lu te  te m p e ra tu re
k -  Boltzmann c o n s ta n t
-  v a le n c y  o f  th e  i t h  s o r t  o f  io n
n i  -  th e  number o f  io n s  o f  th e  i t h  s o r t  p e r
_  cub ic  cm
a -  th e  mean d i s t a n c e  o f  c l o s e s t  app ro ach  o f  two 
io n s  m easured from c e n t r e  to  c e n t r e
*  A developm ent o f  th e  Debye th e o r y  a s  done by Sch&rer (2 5 )  
up to  t h i s  e q u a t io n  i s  g iv en  b r i e f l y  i n  th e  a p p en d ix .  For  
e a se  o f  r e f e r e n c e  th e  same e q u a t io n  numbers a s  employed i n  th e  
a p p en d ix  are u se d  above.
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T h is  e q u a t io n  i s  dev e lo p ed  by Sch&rer ( 2 5 )  somewhat 
a s  f o l l o w s : -
From t h i s  e q u a t io n ,  s in c e  T. i s  ta k e n  f o r  a l l  th e  io n si
p r e s e n t  f£  depends on  th e  t o t a l  i o n i c  c o n c e n t r a t i o n  o f  th e  
s o l u t i o n  and th e  v a le n c y  o f  th e  io n s  and n o t  on th e  p a r t i a l  
c o n c e n t r a t i o n  o f  io n s  o f  th e  s a l t  which i s  p r e s e n t  i n  th e  
s o l i d  phase  and i s  t h e r e f o r e  in d ep e n d en t  o f  th e  so u rc e  o f  
t h e  i o n s ,  w h e ther  th e y  a r e  from th e  s o l i d  phase  s a l t  o r  th e  
i n f lu e n c i n g  s a l t .
I n c i d e n t a l l y ,  w i l l  be th e  same w he ther  t h e  i n f l u ­
e n c in g  s a l t  h a s  an io n  common to  th e  s o l i d  phase  s a l t  o r  
n o t .
A pp ly ing  to  a  s o l u t i o n  c o n ta in in g  k s o r t  o f  io n s  ( k < s )  
o f  c o m p le te ly  d i s s o c i a t e d  s a l t s ,  th e  sum under  th e  r o o t  i n
( 1 1 ) may be s p l i t  up i n to
V . * T  * ^ V  ' / * T + , (k) r r ( * ) ZJl ^  a 2m. "t" Z. ny 21 j  ■+■ - • • • • '  7Z y 2Jy
I f  i s  th e  number o f  io n s  o f  th e  i / t h  s o r t  formed
from  a  k th  s a l t  m o le cu le ,  th e  c o n c e n t r a t i o n  y  o f  th e  s a l t  
i n  m o l s / l i t r e  may be c a l c u l a t e d  from  th e  v a lu e  n i  o f  io n s  
p e r  cm3 .
Then we may w r i t e
t  z ,2= **«, x/030[ /  I %• +  /  IMA +■ ■ + l vi *i j
Then in  e x p r e s s io n  (1 1 )  by w r i t i n g
and  .------ - j—
/ s i r  J M  ~ C.
and  p u t t i n g  f o r  th e  k th  s a l t  w i th  T  we f i n a l l y
g e t  * , A W ~
(11') S ~%i B  / + C Z j y T t  - ■ r « tT Wr
T h is  i s  a  g e n e r a l  e x p re s s io n ,  and we have now to  a p p ly
i t  to  t h e  case  of one s o l id  phase s a l t  and £me \ i n f l u e n c i n g  s a l t*  
v  %
I f  we l e t / ^ Z j  o f  th e  s o l i d  phase  s a l t  be e x p re s s e d  
w i th  Ym w i th o u t  th e  in d ex , and th e  added s a l t  a s  Y  9 th e n  
f o r  th e  a c t i v i t y  c o e f f i c i e n t  o f  th e  jtfo io n ,
. .  J r T -  -  r * ^' ' i f  c t f y X f y T .  ( 1 1 „ ,
* NOTE: For th e  v a r i a t i o n  o f  th e  d i e l e c t r i c  c o n s t a n t  w i th
te m p e ra tu re  o f  aqueous s o l u t i o n s  th e  fo rm u la  o f  P . Drude i s  
a p p l i e d  (Ann. d .  Phys. 59, 61, 1 8 9 6 ) .
D t.  = 88*23 -  0*4044t +  0*00 1035 t 2 .
F o r  th e  t e m p e ra tu re s  o f  0° and 25° B and C a r e  a s  f o l lo w s :
B c r0° 0*811 2*31 X 10
25° 0 843 2 -35  X 1 0 ^
la k in g  £ = 4 • 77 X 10-10  and i  s  1 .3 ?  * 10-16
How i f  we w r i t e  e q u a t io n  ( 7 )  in  th e  form
r  v }  t « f  «  -  Z > f #  fi
when th e  sum o n ly  e x te n d s  to  th e  io n s  o f  th e  s o l i d  phase  s a l t  
( s in c e  o n ly  a  change i n  th e  number o f  m o le c u le s  p r e s e n t  
t a k e s  p lace), = A  where A i s  t h e  a c t i v i t y
p ro d u c t  o f  a l l  t h e  d i s s o lv e d  s a l t s ,  i . e .  A i s  th e  m u l t i p l e  o f  
a l l  th e  a c t i v i t y  c o e f f i c i e n t s  o f  th e  s i n g l e  io n s  t o g e t h e r .
Then l e t  th e  s o l u b i l i t y  p ro d u c t  L  *  Z vi and from
( 7 ) ( s e e  a p p e n d ix )  we o b t a i n
k  L  = 4  K  -  ^  A  <12)
Then i f  t h e s e  e x p l i c i t  v a lu e s  f o r  be p u t  i n  e x p re s s io n
( 1 1 ) ,  th e  a c t i v i t y  p ro d u c t  A o f  th e  s o l i d  ph ase  s a l t  i s  
e x p re s s e d  th ro u g h  — -------------— .
^  J y L + y ' l l  
^ A - - B l  t + c z J j z ^ y Z .  (i3)
I t  sh o u ld  be o b se rv ed  t h a t  th e  above e x p re s s io n  h a s  o n ly  
ta k e n  t h i s  s im ple  form th ro u g h  e x p re s s in g  fa T a s  a  mean v a lu e  
f o r  th e  d i f f e r e n t  io n s .
How when th e  s o l i d  phase  s a l t  i s  d i s s o lv e d  i n  p u re  w a te r
where 1°  and A0  a r e  th e  s o l u b i l i t y  and a c t i v i t y  p r o d u c ts  o f  
t h e  s o l i d  phase  s a l t  i n  p u re  w a te r .  Then to  d e te rm in e  th e
* For e q u a t io n  ( 7)  see appfj&dix.
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i n c r e a s e  o r  d e c r e a s e  o f  s o l u b i l i t y  r e l a t i v e  to  t h a t  i n  p u re  
w a te r ,  due to  th e  p re s e n c e  o f  an i n f lu e n c i n g  s a l t ,  e q u a t io n
( 1 2 ) f i s  s u b t r a c t e d  from ( 1 2 ) so t h a t
4  i *  ~  ^  ( 1 4 )
i n  which l g  A0  i s  e v a lu a te d  from (1 3 )  th ro u g h
1 A - *  - B X
( 1 3 ) 1
where y °  i s  th e  s o l u b i l i t y  in  p u re  w a te r ,  and a  i s  g iv e n  th e  
same v a lu e  a s  i n  th e  g e n e r a l  c a s e .
Two c a s e s  now e x i s t
( 1 )  The m olecu le  o f  th e  d i s s o lv e d  s a l t  s p l i t s  up i n to  
v^ io n s  o f  A, and v2  io n s  o f  B, and th e  i n f lu e n c i n g  s a l t  
s p l i t s  up i n to  v* io n s  A1, and V2 f io n s  o f  B^. There a r e  no 
io n s  common to  b o th  s a l t s .
Then - g -  = ^  ( 1 5 )
( 2 )  When th e  io n s ,  say ,  A and A1, a r e  i d e n t i c a l
i  f r  -  - 5  W ' ( * & P X j/ °  -/  J  ( 1 5 ' )
o r  s i m i l a r l y  when B and B* a r e  i d e n t i c a l .
In  t h e  exam ples w ith  which we s h a l l  d e a l  th e  io n s  B, B f 












i s  t h a t  which i s  a p p l i c a b l e .
B efo re  th e s e  e q u a t io n s  can  he u se d ,  how ever, i t  i s  n e c e s ­
s a r y  to  o b t a in ,  a  v a lu e  f o r  ’S ’ . T h is  c an n o t  be o b ta in e d  
a  p r i o r i  b u t  an  a p p ro x im a te  v a lu e  may be o b ta in e d  in  th e  f o l ­
lo w in g  way. C o n sid e r  th e  i s o th e r m a l  s o l u b i l i t y  cu rv e  PQRST 
( f i g u r e  7) where PQ r e p r e s e n t s  th e  change in  s o l u b i l i t y  o f  AB 
w i th  a d d i t i o n  o f  A fB , th e  s o l i d  phase  b e in g  AB. The cu rve  
QRS r e p r e s e n t s  th e  doub le  s a l t  AB.AfB. i n  e q u i l i b r iu m  w ith  
s o l u t i o n s  c o n ta in in g  v a ry in g  q u a n t i t i e s  o f  AB and A’B, w h i l s t  
t h e  c u rv e  TS r e p r e s e n t s  changes i n  th e  s o l u b i l i t y  o f  A’B w i th  
d i f f e r e n t  p r o p o r t i o n s  o f  AB i n  s o l u t i o n .
With r e f e r e n c e  to  th e  cu rve  PQ, c o n s id e r  th e  e x p e r im e n ta l  
v a lu e s  r e p r e s e n t e d  by th e  c o o r d in a te s  o f  P and Q. The o r d i ­
n a t e  O .P . r e p r e s e n t s  th e  s o l u b i l i t y  o f  th e  s a l t  AB i n  w a te r ,  
a t  th e  i s o th e rm  t e m p e ra tu re .  Now th e  p o i n t  Q r e p r e s e n t s  a 
m ix tu re  o f  s o l i d  AB, and doub le  s a l t  i n  e q u i l ib r iu m  w ith  a 
s o l u t i o n  o f  th e  co m p o s it io n  r e p r e s e n te d  by th e  o r d i n a t e  VQ, 
and th e  a b s c i s s a  OV. The amount o f  th e  s a l t  A’B r e p r e s e n te d  
by OV i s  th e  g r e a t e s t  amount o f  A’B t h a t  can  a t  th e  tem p era ­
t u r e  o f  t h e  iso th e rm  be o b t a i n e d  i n  a  s a t u r a t e d  s o l u t i o n  o f  
AB when th e  s o l i d  phase  s t i l l  c o n ta in s  AB.
S ince  th e  a c t i v i t y  (p roduct o f  c o n c e n t r a t i o n  and a c t i v i t y  
c o e f f i c i e n t )  o f  th e  io n s  o f  th e  s a l t  AB rem a in s  c o n s ta n t  from 
P to  Q, and th e  a c t i v i t y  c o e f f i c i e n t  changes a s  a  r e s u l t  o f
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th e  i n c r e a s e  i n  t o t a l  i o n ic  c o n c e n t r a t i o n ,  t h e  c o n c e n t r a t i o n  
w i l l  a l s o  chan ge . Now i t  h a s  been seen  from  th e  law  o f  mass
We can  t h e r e f o r e  o b t a i n  a  mean v a lu e  f o r  t h e ' r a d i u s * o f  a l l  
t h e  i o n s  i n  s o l u t i o n  by i n s e r t i n g  th e  c o n c e n t r a t i o n s  o f  a l l  
t h e  io n s  p r e s e n t  a t  th e  p o i n t s  P and Q r e s p e c t i v e l y  and 
s o lv in g  t h e  e q u a t io n  f o r  a .
S ince  in  t h i s  c ase  th e  io n s  B a r e  i d e n t i c a l ,  e q u a t io n  ( 1 5 ,f) 
may be a p p l i e d .
I f  y #  r e p r e s e n t s  th e  s o l u b i l i t y  o f  AB i n  mols/lOOOgHgO 
a t ,  say , T°C c o r re sp o n d in g  to  th e  p o i n t  P i n  th e  
d iagram
I f  r e p r e s e n t s  th e  s o l u b i l i t y  o f  AB in  mols/lOOOgHgO
a t  T°C in  p re s e n c e  o f  mols/lQOOgB&O o f  A'B
( p o i n t  Q i n  d iag ram )
th e  s a l t  AB s p l i t s  up in to  v t  io n s  o f  A and io n s  o f  B,
th e  s a l t  ATB s p l i t s  up in to  v j ' io n s  Af and io n s  B. 
From e q u a t io n s  (15*f) and (14) and s u b s t i t u t i n g  f o r  lagA and 
from  e q u a t io n s  (1 3 )  and (1 3 * )  we o b t a i n *
a c t i o n  t h a t ( 1 4 ) .
3€ For %S04 ^  •  1 K t  2 x-12 r 8
" A l j ( S 0 4 ) d Z! = 3 * zZ +  2 x 3^ = 30
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S ince  e v e r y th in g  e x c e p t  fa f i s  known, th e  above e q u a t io n  
may he so lv e d  f o r  , a 'f . In  p r a c t i c e  i t  i s  b e t t e r  to  r e a r r a n g e  
th e  above e q u a t io n  i n  q u a d r a t ic  form f o r  ’ Ca’ , and s o lv e  f o r  
fCa’ , and hence  f i n d  ’a ’ .
I t  w i l l  be n o te d  t h a t  th e  f o re g o in g  do es  n o t  a p p ly  to  t h a t  
p o r t i o n  o f  th e  cu rv e  QRS where t h e  s o l i d  p h ase  i s  doub le  s a l t  
AB A ’B. T h is  w i l l  be d e a l t  w i th  l a t e r ,  i t  b e in g  s u i t a b l e  to  
d i s c u s s ,  a t  t h i s  p o i n t ,  th e  phenomena o f  an  i n c r e a s e  o r  a  d e ­
c r e a s e  o f  s o l u b i l i t y  o f  AB i n  th e  cu rv e  PQ. A cco rd in g  to  
S c h a re r  (2 5 )  th e  e f f e c t s  which may ta k e  p l a c e  in  s o l u t i o n  may 
be e x p la in e d  t h u s .  When we have a s o l u t i o n  o f  a  s a l t  i n  
e q u i l i b r iu m  w ith  t h a t  s a l t  a t  a  d e f i n i t e  te m p e ra tu re  -  i . e .  a  
s a t u r a t e d  s o l u t i o n ,  and to  t h i s  we add a n o th e r  s a l t  h a v in g  no 
io n  i n  common w i th  th e  f i r s t ,  th e n  th e  s o l u b i l i t y  a lw ays 
i n c r e a s e s ,  c o n t r a r y  to  th e  c l a s s i c a l  law . T h is  i s  supposed 
to  be due to  th e  f a c t  th a t ,  owing to  th e  i n c r e a s e  o f  th e  t o t a l  
io n ic  c o n c e n t r a t i o n ,  b rou gh t a b o u t  by a d d i t i o n  o f  th e  second 
s a l t ,  th e  work o f  b r in g in g  th e  io n s  from th e  s o l i d  phase  i n to  
t h e  s o l u t i o n  i s  d e c re a se d  -  hence some o f  th e  s o l i d  phase  
p a s s e s  i n to  s o l u t i o n .
However, i f  th e  added s a l t  h a s  an io n  i n  common w ith  th e  
f i r s t  s a l t ,  t h e r e  a r e  two in d ep e n d en t  e f f e c t s  to  be c o n s id e r e d ,  
f i r s t l y ,  an  i n c r e a s e  i n  s o l u b i l i t y  due to  th e  in c r e a s e d  io n ic  
c o n c e n t r a t i o n  a s  e x p la in e d  above, and seco n d ly  a g r e a t e r  proba*?
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b i l i t y  t h a t  two o p p o s i t e l y  ch a rg ed  io n s  may s t r i k e  one a n o th e r  
and  f a l l  o u t  o f  s o l u t i o n .  W hichever e f f e c t  p re d o m in a te s  w i l l  
d e c id e  w hether t h e r e  i s  a r e s u l t i n g  in c r e a s e  o r  d e c re a s e  i n  
s o l u b i l i t y .  The g r e a t e r  th e  c o n c e n t r a t i o n  and th e  h ig h e r  th e  
v a le n c y ,  th e  more l i k e l y  i s  i t  t h a t  an i n c r e a s e  in  s o l u b i l i t y  
w i l l  r e s u l t .
In  th e  exam ples which w i l l  be d e a l t  w i th  i t  i s  a p p a r e n t  
t h a t  because  o f  th e  h ig h  v a le n c y  o f  a lum inium , an  i n c r e a s e  in  
s o l u b i l i t y  o f  alum inium  s u lp h a te ,  w i th  a d d i t i o n  o f  R2 SO4  (w here  
R i s  Ha, K, o r  T l)  may be e x p e c te d .  S i m i l a r ly ,  an i n c r e a s e  
i n  th e  s o l u b i l i t y  o f  R2 SO4  where th e  a lum inium  s u lp h a te  i s  th e  
i n f l u e n c i n g  s a l t  would be p r o b a b le .  V/here R * NH4 , a  d e c re a s e  
i n  s o l u b i l i t y  i s  o b ta in e d ,  b u t  t h i s  a l s o  may be e x p la in e d  by 
th e  t h e o r y .  S i m i l a r ly ,  where alum inium  s u lp h a te  (A ls tS O ^ jg  
18 HgO) i s  s o l i d  ph ase  s a l t  and R2 SO4  th e  i n f lu e n c i n g  s a l t ,  an 
i n c r e a s e  i n  s o l u b i l i t y  o f  th e  a lum inium  s u lp h a te  may be 
e x p e c te d .
The c a se  o f  t h e  system  LigSO^ -  A lg(S0 4 _ ) 3  -  HgO, where
a  d e c re a s e  in  s o l u b i l i t y  i s  e x p e r ie n c e d ,  a t  b o th  ends o f  th e  
c u rv e ,  i s  d e a l t  w i th  under th e  e x p e r im e n ta l  s e c t i o n .
We now come to  c o n s id e r  th e  c e n t r a l  cu rve  QRS o f  f i g u r e  8 . 
T h is  cu rv e  r e p r e s e n t s  double  s a l t  AB A’B x  H20 i n  equ il ib rium  
w i th  s o l u t i o n s  c o n ta in in g  v a r io u s  p r o p o r t io n s  o f  AB and A’B a t  
th e  g iv e n  te m p e ra tu re .

W ith r e f e r e n c e  to  f i g u r e  8 , where t h e  curvesPQ, QRS, ST 
have th e  same s i g n i f i c a n c e  a s  i n  f i g u r e  7 : -
The c o n c e n t r a t i o n  o f  th e  s a l t  AB a t  Q i s  known 
» tf " 11 " A fB a t  Q n n
Then c o n s id e r  th e  c o n c e n t r a t i o n  o f  th e  s a l t  AB a t  any 
p o i n t  U n e a r  to  V. I f  t h e r e  were no i o n i c  e f f e c t s  U and V 
would f a l l  t o g e t h e r .
Thus: a t  U we a r e  d e a l in g  w i th  , u n s a t u r a t e d 1 s o l u t i o n
o f  b o th  AB and A’B. Row th e  a c t i v i t y  o f  any io n  in  s o l u t i o n  
i s  a  f u n c t i o n  o f  th e  t o t a l  io n s  i n  s o l u t i o n  ( 4 8 ) .  For th e  
l a r g e r  p a r t  o f  QR ( o f  th e  cu rve  QRS) th e  s a l t  AB i s  i n  g r e a t e r  
c o n c e n t r a t i o n ,  and we know i t s  c o n c e n t r a t i o n ,  i . e .  we can  f i x  
on any c o n c e n t r a t i o n  o f  AB r e p r e s e n te d  by any p o i n t  U, and 
th e n  p ro c e e d  to  c a l c u l a t e  th e  e f f e c t  o f  th e  r e d u c t io n  i n  con­
c e n t r a t i o n  o f  th e  s a l t  AB from  Q to  U on th e  amount o f  s a l t
A’B which rem a in s  i n  a  s o l u t i o n  o f  AB w ith  a s o l i d  ph ase  AB
ATB (xHgO*). By so r e d u c in g  AB, th e  a c t i v i t y  c o e f f i c i e n t  o f
th e  io n  A 1 o f  AfB w i l l  be a l t e r e d ,  and  hence  i t s  c o n c e n t r a t i o n ,
s in c e  th e  a c t i v i t y  rem a in s  u n a l t e r e d ,  so t h a t  i n s t e a d  o f  th e  
c o n c e n t r a t i o n  o f  A’B rem a in in g  c o n s t a n t  a lo n g  Qq, i t  w i l l  f a l l  
a lo n g  QR. With no io n ic  e f f e c t  p ’U shou ld  eq u a l p fV, e q u a l  
to  pQ. So t h a t  we have now to  c a l c u l a t e  t h e  r a t i o  p ’u / p ’V 
r e p r e s e n t i n g  th e  change i n  th e  c o n c e n t r a t i o n  o f  th e  io n s  o f  
A ’B due to  a f a l l  i n  th e  t o t a l  io n ic  s t r e n g th  o f  th e  s o l u t i o n .
S ince  AB i s  much g r e a t e r  th a n  AfB in  c o n c e n t r a t i o n ,  th e  
e f f e c t  o f  th e  r e d u c t io n  i n  c o n c e n t r a t i o n  o f  th e  io n s  A*B i s  
ig n o re d  and th e  r a t i o  p 'U /p 'V  c o n s id e r e d  a s  h e in g  due to  th e  
f a l l  i n  c o n c e n t r a t i o n  o f  io n s  o f  th e  s a l t  AB from  p to  p T.
S t a r t i n g  th e n  from  Q we can  c a l c u l a t e  th e  p o s i t i o n  o f  U. 
Then from  th e  known p o s i t i o n  o f  U, and th e  c o n c e n t r a t i o n  o f  AB 
a t  a n o th e r  p o i n t  W f u r t h e r  down, we may c a l c u l a t e  th e  c o n c e n t r a  
t i o n  o f  AfB a t  W; and so on u n t i l  th e  c u rv e  QR i s  c a l c u l a t e d .
Hence th e  c o n c e n t r a t i o n  o f  th e  i t h  io n  may he o b ta in e d .  In  
each  c a se  th e  u n l ik e  io n s  a r e  t a k e n ,  e . g .  i n  th e  c a se  o f  system  
(N H4 )gS04  -A lg (S 0 4 )g “ io n s  (HH4 ) and (A l)  which
Thus
A c t i v i t y  o f  th e  i t h  io n  o f  ATB a t  Q = f . c
1
a c t i v i t y  o f  th e  i t h  io n s  a t  V
it n 11 11 n .»  u  s  f /* C
cf of s a l t  A 'B
C ? of salt A B
The v a lu e  o f  i s  o b ta in e d  from e q u a t io n  ( l l ,r)
a r e  n o t  s i m i l a r  a r e  ta k e n .  Then , y  f o r  (HH4 )2 504
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f o r  A lg ( SO4 )g a t  Q i s  t a k e n ,  and f o r  th e  io n  o f  th e  s a l t  
A TB i s  c a l c u l a t e d  -  i n  t h i s  c a s e ,  say  A l.  The o t h e r  end o f  
th e  cu rv e  i n d i c a t e d  by S R may be c a l c u l a t e d  i n  a  s i m i l a r  way.
As th e  p r o p o r t i o n  A'B to  AB i n c r e a s e s ,  th e  i n f lu e n c e  o f  
t h e  change in  c o n c e n t r a t i o n  o f  AfB on th e  a c t i v i t y  c o e f f i c i e n t  
o f  th e  io n s  o f  s a l t  A*B becomes a p p r e c i a b l e ,  so t h a t  th e  c e n ­
t r a l  p a r t  o f  th e  c a l c u l a t e d  cu rv e  can  o n ly  be r e g a rd e d  a s  v e ry  
a p p ro x im a te .
I t  sh o u ld  be n o te d  t h a t  th e  above c a l c u l a t i o n  o n ly  
a p p l i e s  to  th e  c a se  where a  r e d u c t io n  in  th e  c o n c e n t r a t i o n  
o f  AB p ro d u c e s  a d e c re a se  in  th e  c o n c e n t r a t i o n  o f  ATB. In  
t h e  c a se  where a r e d u c t io n  i n  th e  c o n c e n t r a t i o n  o f  AB g iv e s  
an  i n c r e a s e  i n  th e  c o n c e n t r a t i o n  o f  A'B th e  s o l u t i o n  o f  th e  
p rob lem  becomes s l i g h t l y  more c o m p l ic a te d .  Sch&rer (2 5 )  h a s  
shewn, how ever, t h a t  th e  th e o r y  a ls o  a p p l i e s  to  such c a s e s .
The v a lu e  o f  Ta f u sed  i n  th e  above c a l c u l a t i o n  may be 
o b ta in e d  a p p ro x im a te ly  by t a k in g  mean v a lu e s  o f  s o l u b i l i t y  
a lo n g  QR, say n e a r  Q and R, and s u b s t i t u t i n g  in  e q u a t io n  ( 1 6 ) .  
S ince ev e ry  c o n s ta n t  i s  th e n  known, th e  e q u a t io n  can  be 
so lv e d  f o r  fa T. T h is  v a lu e  may th e n  be u se d  a lo n g  th e  e n t i r e  
p a r t  o f  th e  cu rv e  QR to  c a l c u l a t e  th e  v a r i a t i o n  i n  s o l u b i l i t y  
o f  A’B from  p o i n t  to  p o i n t  o f  th e  c u rv e .
A v a lu e  f o r  'a* f o r  th e  p a r t  o f  th e  c u rv e  RS i s  o b ta in e d
i n  a  s i m i l a r  f a s h i o n .
An e x p la n a t io n  i s  n e c e s s a r y  a s  to  why th e  v a lu e  o f  n  u sed  
i n  c a l c u l a t i n g  th e  cu rv e  PQ can n o t he a p p l i e d  to  th e  p o r t i o n  
o f  th e  cu rv e  QR.
The v a lu e  o f  a  v a r i e s  w i th  change i n  c o n c e n t r a t i o n ,  and 
th e  a v e ra g e  c o n c e n t r a t i o n  be tw een  P and Q i s  v e ry  much g r e a t e r  
th a n  betw een Q and R. Hence, w h i l s t  t h a t  v a lu e  o f  a  u se d  
betw een P and Q, can  be u sed  to  c a l c u l a t e  p o i n t s  on QR n e a r  
to  Q w ith  good agreem ent w i th  th e  e x p e r im e n ta l  v a lu e s ,  th e  
f u r t h e r  from  Q on QR, th e  g r e a t e r  th e  d iv e rg e n c e  betw een  c a l ­
c u l a t e d  and e x p e r im e n ta l  r e s u l t s .
I t  sh o u ld  be n o te d  h e r e ,  t h a t  th e  v a lu e  o f  a does n o t  change 
th e  d i r e c t i o n  o f  th e  s lo p e  o f  QR'-si.e e i t h e r  in w ard s  o r  o u tw ard s  
from Q -  i t  m ere ly  a f f e c t s  th e  g r a d i e n t  o f  th e  c u rv e .
The T h e o r ie s  o f  Van’t  H off and Caven on Double S a l t  F o rm atio n , 
i n  th e  L ig h t  o f  Modern T h e o r ie s  o f  S o l u t i o n .
Prom th e  fo re g o in g  i t  i s  seen  t h a t  a c c o rd in g  to  v a n ' t  
H o f f ’ s th e o ry  doub le  s a l t  fo rm a t io n  was c o n t in g e n t  on s o l u ­
b i l i t y  a lo n e .  On th e  o th e r  hand , Caven e x p la in s  doub le  s a l t  
fo rm a t io n  i n  a  s e r i e s ,  a s  a  f u n c t io n  o f  th e  d i f f e r e n c e  in
■ basic ity  *between th e  c a t i o n s  o f  th e  component s a l t s  and  th e  
c o n se q u e n t  f o rm a t io n  o f  io n s  o f  th e  doub le  s a l t  i n  s o l u t i o n ,  
from  which th e  d oub le  s a l t  c r y s t a l l i s e s ,  i f  t h e s e  io n s  a r e  
form ed i n  s u f f i c i e n t  c o n c e n t r a t i o n .  F u r t h e r ,  th e  p re s e n c e  o f  
t h e s e  io n s  i s  i n d i c a t e d  by an i n c r e a s e  i n  th e  s o l u b i l i t y  o f  
one component beyond what th e  s o l u b i l i t y  p r o d u c t  law  would 
a l lo w ,  by th e  a d d i t i o n  o f  th e  o t h e r .
I t  i s  e v id e n t ,  however, t h a t  such an  i n c r e a s e  i n  s o l u ­
b i l i t y  o f  one s a l t  by th e  a d d i t i o n  o f  a n o th e r  can n o t  be r e g a r d ­
ed a s  a c r i t e r i o n  o f  double  s a l t  io n  f o rm a t io n .
A part  from  th e  s u g g e s t io n  o f  double  s a l t  io n  fo rm a t io n  in  
s o l u t i o n ,  th e  t h e o r i e s  d i f f e r  o n ly  i n  two main p o i n t s  
v a n Tt  H o f f ’ s t h e o r y  p r e s c r i b e s  doub le  s a l t  fo rm a t io n  a s  c o n t i n ­
g e n t  on s o l u b i l i t y  o f  th e  doub le  s a l t  and component s a l t s ,  and 
Caven1s th e o ry  t h a t  double  s a l t  fo rm a t io n  in  a  s e r i e s  i s  a  
f u n c t i o n  o f  th e  d i f f e r e n c e  i n  b a s i c i t y  betw een th e  c a t i o n s .  
Hence, i f  a  d i r e c t  connex ion  betw een s o l u b i l i t y  and th e  d i f f e r ­
ence in  b a s i c i t y  o f  th e  c a t i o n s  o f  double  s a l t s  i s  e s t a b l i s h e d  
th e s e  t h e o r i e s  would become v e ry  s i m i l a r .  I n  t h i s  connex ion  
th e  th e o r y  o f  Fa«jans i s  o f  i n t e r e s t  ( 2 8 ) .
F a ja n s  a t t e m p ts  to  e x p la in  th e  d iffe ren t so lu b i l i t ie s  o f  
in o rg a n ic  s a l t s  by d i f f e r e n t  d e g re e s  o f  d e fo rm a tio n  o f  t h e i r  
o u t e r  e l e c t r o n i c  s h e l l s .  This h y p o th e s is  was shewn to  be un ­
te n a b le  by U razovsk i ( 2 9 ) ,  who h a s  su g g e s te d  t h a t  th e  s o lu ­
b i l i t i e s  o f  in o rg a n ic  s a l t s  a r e  r e l a t e d  to  th e  d i f f e r e n c e  in
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th e  a tom ic  numbers betw een  th e  c a t i o n  and th e  a n io n ,  and t h a t  
th e  s o l u b i l i t y  I s  lo w e s t  when t h a t  d i f f e r e n c e  i s  a  minimum.
With p a r t i c u l a r  r e f e r e n c e  to  th e  a l k a l i  h a lid es ,  th e  
g r e a t e r  th e  s o l u b i l i t y  i s ,  th e  f u r t h e r  a p a r t  i n  th e  p e r i o d i c  
system  a r e  th e  e le m e n ts  which c o n s t i t u t e  th e  s a l t .
A p p ly in g  t h i s  h y p o th e s i s  to  t h e  s e r i e s  L i ,  Na, K, Rb, Cs 
and  T1 alum s, v e ry  i n t e r e s t i n g  and s i g n i f i c a n t  r e s u l t s  a r e  
o b t a i n e d .  S in ce  th e  a n io n s  a r e  common to  b o th  m e ta ls  o f  which 
th e  alum i s  composed, we m ight c o n s id e r  th e  s o l u b i l i t y  i n  r e ­
l a t i o n  to  th e  a tom ic  numbers and a tom ic  w e ig h ts  o f  th e  a l k a l i  
e le m e n ts .  Ammonium’s alum can n o t  be d e a l t  w i th  i n  t h i s  way 
b e ca u se  n e i t h e r  an a tom ic  w e ig h t n o r  an a tom ic  number can  be 
a l l o c a t e d  to  i t .
The f o l lo w in g  t a b l e  shews th e  a tom ic num bers o f  t h e  
a l k a l i  m e ta ls  a lo n g  w ith  th e  s o l u b i l i t i e s  o f  th e  r e s p e c t i v e  
a lum s a t  25° C, w h i l s t  th e  g ra p h s  F ig u re  9 (A) and (B ) shew 
th e s e  v a lu e s ,  w i th  s o l u b i l i t y  o f  t h e  alum a s  o r d i n a t e s ,  and 
a tom ic  numbers and atom ic  w e ig h ts  o f  th e  a l k a l i  m e ta ls  a s
a b s c i s s a e .
S o l .  o f
M etal Alum Atomic Atomic
p e r  lOOOg Number Weight
% 0 . a p p ro x .
a t  25° 0
L i   3 7
Na 0*9 mols 11 23
K .139 19 39
Rb .03  37 85 .5
Cs .02 55 132 .8
T1 .09 mols 81 204
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From th e s e  g ra p h s  th e  s o l u b i l i t y  o f  l i t h i u m  alum  would 
he i n f i n i t e  -  i . e .  i t s  fo rm a t io n  i s  im p o s s ib le  on a c c o u n t  
o f  s o l u b i l i t y ,  t h u s  p r o v id in g  e v id e n c e  in  f a v o u r  o f  v a n ft  
H o f f Ts t h e o r y .  A lso ,  s in c e  t h e  d i f f e r e n c e  i n  b a s i c i t y  w i l l  
be a p p ro x im a te ly  p r o p o r t i o n a l  to  th e  a to m ic  num bers a s  u sed  
i n  t h e  g ra p h ,  we have  ev id e n ce  t h a t  d i f f e r e n c e  i n  b a s i c i t y  i n  
t h i s  s e r i e s  i n f l u e n c e s  th e  s o l u b i l i t y .
I t  w i l l  be seen  t h a t  t h e  c u rv e s ,  i n  th e  d i r e c t i o n  T1 to  
Ce shew a  d e c r e a s e  in  s o l u b i l i t y ,  b u t  from  Cs to  Rb, K, to  
Na, t h e r e  i s  i n c r e a s e  i n  s o l u b i l i t y .  I f  th e  cu rve  i s  co n ­
t i n u e d  i t  would a p p e a r  t h a t  th e  s o l u b i l i t y  o f  l i t h i u m  alum 
(a to m ic  number 3 )  a t  25° would be i n f i n i t e .  Hence i t s  forma­
t i o n  c o u ld  n o t  be p o s s i b l e .
With r e f e r e n c e  to  th e  connex ion  be tw een  th e  s o l u b i l i t y  
and  th e  s t r u c t u r e  o f  t h e  io n s ,  i t  w i l l  be n o te d  t h a t  th e  
l i t h i u m  io n  h a s  an  un sy m m etr ica l  s t r u c t u r e  ( 8 ) and i t  h a s  
been  su g g e s te d  by Ura.zovsfti, t h a t  u n sy m m etr ica l  s t r u c t u r e  i s  
a s s o c i a t e d  w i th  h ig h  s o l u b i l i t y .  (2 9 )
Now KgS04  A lg(S04 ) 24 HgO h a s  been  shewn by T u t to n  ( 3 0 )  
to  c o n s i s t  o f  e i t h e r  one o r  two m o le cu le s  w i th  th e  6  g ro u p s  
o f  4 HgO s i t u a t e d  round  th e  m o lecu le  o r  m o le c u le s  a s  a t  th e  
a n g u la r  p o i n t s  o f  a  r e g u l a r  t e t r a h e d r o n .  T h is  symmetry o f  
c r y s t a l  s t r u c t u r e  may be a s s o c i a t e d  w i th  th e  r e g u l a r i t y  o f  
th e  s t r u c t u r e  o f  th e  K and A1 and S0 4 l f  i o n s ,  and i n  p a r t i c u l a r
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w ith  th e  K io n .  C r y s t a l s  o f  sodium alum a re  more d i f f i c u l t  
t o  p re p a re  th a n  c r y s t a l s  o f  p o ta s s iu m  alum and i t  i s  f e a s i b l e  
t h a t  a  c r y s t a l  o f  sodium alum may be l e s s  r e g u l a r  i n  s t r u c t u r e  
th a n  a  c r y s t a l  o f  p o ta s s iu m  alum. These d i f f e r e n c e s  may be 
due to  the  sodium io n  b e in g  l e s s  sy m m etr ica l  t h a n  th e  p o t a s ­
sium io n ,  and s in c e  th e  l i th iu m  io n  i s  even l e s s  sy m m etr ica l  
th a n  th e  sodium io n ,  l i t h iu m  alum may no t be o b ta in e d  i n  th e  
c r y s t a l l i n e  o r s o l i d  s t a t e .
I t  i s  th u s  se e n  t h a t  i n  th e  c a se  o f  a  s im p le  s a l t  th e  
s o l u b i l i t y  i s  a s s o c i a t e d  w i th  th e  d i f f e r e n c e  i n  a to m ic  w e ig h ts  
o r numbers o f  the a n io n s  and c a t i o n s .  With double  s a l t s  o f  
th e  type  o f  the  a lu m s, the  s o l u b i l i t y  i s  r e l a t e d  to  th e  d i f ­
fe re n c e  i n  a tom ic  numbers of the  c a t i o n s ,  and t h i s  d i f f e r e n c e  
i s ,  o f  c o u rs e ,  a s s o c i a t e d  w ith  th e  b a s i c i t y  o f  the  c a t io n s .
We h a v e ,  t h e r e f o r e ,  a  d e f i n i t e  r e l a t i o n s h i p  between the  d i f ­
f e r e n c e  i n  b a s i c i t y  o f  t h e  c a t io n s  and the  s o l u b i l i t y  o f  the  
double  s a l t .
On t h i s  a s s o c i a t i o n ,  th e n ,  i t  may be s a i d ,  t h a t  th e  t h e o r ­
i e s  o f  Caven and v a n 1t  H off  a re  v e ry  s i m i l a r .  Double s a l t  
fo rm a t io n  i s  c o n t in g e n t  on the  s o l u b i l i t i e s  o f  th e  component 
and double s a l t s ,  bu t th e s e  s o l u b i l i t i e s  i n  t u r n  a re  dependent 
on th e  n a tu r e  o f  th e  io n s  and th e  consequent f o r c e s  between 
them, as in d ic a t e d  above.
Gr a p h i c a l  T reatm ent o f  th e  S o l u b i l i t y  I s o t herms o f  a
Do u b le S a l t  and I t s  Components.
In  th e  fo l lo w in g  a b r i e f  a c c o u n t ,  w i l l  be g iv e n  of some 
d e d u c t io n s  which may he made from  a s tu d y  o f  th e  s o l u b i l i t y  
iso th e rm s  o f  double s a l t s  and t h e i r  components by a  t r e a tm e n t  
s i m i l a r  to  t h a t  evolved  by Schre inem akers  ( 1 ) .  The m a t t e r  
w i l l  be t r e a t e d  i n  a g e n e r a l  way, and th e n ,  i n  th e  s e c t i o n  
dev o ted  to  th e  v a r io u s  sy s te m s , th e  g e n e r a l  o b s e r v a t io n s  w i l l  
be a p p l i e d  i n  each  p a r t i c u l a r  system .
The c a se s  which w i l l  be c o n s id e re d  w i l l  be th o se  changes 
which ta k e  p la c e  when
1 . a  s a t u r a t e d  s o l u t i o n  i n  p re se n c e  o f  double  s a l t  o r
one o f  i t s  components i s  h e a te d  or coo led
2 . a  double  s a l t  i s  mixed w ith  w a te r
3 . one o f  the  components i s  added a t  c o n s ta n t  tem pera ­
t u r e .
A system  composed of w a te r  and two e l e c t r o l y t e s  which 
y i e l d  a  common io n  i s  a th r e e  component sy s tem , and th e  com­
po n en ts  may be c o n v e n ie n t ly  ta k e n  a s  th e  two e l e c t r o l y t e s  and 
w a te r .  The s o l i d  ph ases  p o s s ib le  i n  such  a system  a r e ,  i n  
a d d i t i o n  to  th e  s im ple  s a l t s  and t h e i r  h y d r a t e s ,  one or more 
double  s a l t s  and one o r  more s e r i e s  o f  s o l i d  s o l u t i o n s .  The 
l i q u i d  phase may c o n ta in  v a r i a b le  p r o p o r t io n s  of a l l  th r e e  
components, hence i f  i t s  com p osition  i s  de te rm in ed  a t  a  d e f i n -
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i t e  te m p e ra tu re  and p r e s s u r e ,  t h e  e n t i r e  sys tem  i s  d e f in e d .
The few v a r i a b l e  f a c t o r s  i n  th e  sy s tem  a r e ,  t e m p e ra tu re ,  
p r e s s u r e ,  and th e  c o n c e n t r a t i o n s  o f  th e  two s a l t s .  The 
e x p e r im e n ta l  work was c a r r i e d  out under a tm o sp h e r ic  p r e s s u r e ,  
i t  b e in g  assumed t h a t  t h e  s l i g h t  v a r i a t i o n s  o f  p r e s s u r e  has 
no a p p r e c ia b le  e f f e c t  on th e  co m p o s it io n  o f  th e  p h a se s .
Thus w i th  p r e s s u r e  f i x e d ,  th e  b e h av io u r  o f  th e  system  may be 
e x p re s s e d  g r a p h i c a l l y  i n  two d im ensions a t  any d e f i n i t e  
t e m p e ra tu re .
Under such  c o n d i t io n s ,  the  p re se n c e  of th r e e  p h ases  con­
s t i t u t e s  an i n v a r i a n t  system .
I n  th e  case  o f  two s a l t s  X and Y, ( f o r  s i m p l i c i t y  X and Y
may be ta k e n  as anhydrous) which may form a double  s a l t  
(HgO)o(, and w a te r ,  such a  case  o f  i n v a r i a n t  e q u i l ib r iu m  m ight 
be
(1 ) s a l t  X w ith  double  s a l t  XYg (HgO)^ and s o l u t i o n
and vapour
(2) s a l t  Y w i th  double s a l t  XY§ (HgO)^ and s o l u t i o n
and vapour
These a re  ) (3)  s a l t  X ,s o lu t io n  c o n ta in in g  X on ly  and vapou r  
)
r e a l l y  two) ( s o l u b i l i t y  o f  X a t  T°C)
)
component ) ( 4)  s a l t  Y ,s o lu t io n  c o n ta in in g  Y only^and vapour
sys tem s ) ( s o l u b i l i t y  o f  Y a t  T^C)
These w i l l  be r e p re s e n te d  by p o in t s  on the  d iagram .
Cases o f  m o n o -v a r ia n t , e q u i l ib r iu m ,  i . e .  where a  f a c t o r  
c an  be a l t e r e d  w i th o u t  t h e  d is a p p e a ra n c e  o f  a  p h a se ,  w i l l  be
( I ) s a l t  X, s o l u t i o n  and vapour
( I I )  ” XY$(%0l< " H "
( I I I ) " Y " ” ”
These s t a t e s  w i l l  be r e p r e s e n te d  by curves*
These s t a t e s  may be r e p r e s e n te d  g r a p h i c a l l y  a s  f o l lo w s .  
F ig u re  10 .
In  F ig u re  10 th e  number o f  m o lecu le s  o f  X and Y d i s s o lv e d  
i n  1 0 0  mols o f  w a te r  a t  th e  f i x e d  te m p e ra tu re ,  a r e  r e p r e s e n t e d  
by th e  a b sc is sa e  and o r d i n a t e s  r e s p e c t i v e l y .
When th e  s o l u t i o n  c o n ta in s  X o n ly ,  th e  p o i n t  r e p r e s e n t i n g  
t h i s  s t a t e  w i l l  be on th e  a x i s  OX, and when th e  s o l u t i o n  con­
t a i n s  Y o n ly ,  th e  p o i n t  w i l l  l i e  on 0 Y.
The p o i n t s  a ,  b , d, e r e p r e s e n t  c o n d i t i o n s  d e s c r ib e d  in  
( 1 )  ( 2 )  ( 3 )  and ( 4 ) ,  w h i l s t  th e  c u rv e s  I ,  I I ,  I I I  r e p r e ­
s e n t  th e  c o n d i t i o n s  r e f e r r e d  to  i n  I ,  I I ,  I I I  i n  th e  d i s c u s s io n .
The p o i n t  S on th e  b i s e c t o r  th ro u g h  0 r e p r e s e n t s  th e  com­
p o s i t i o n  o f  th e  double  s a l t  h y d ra te  ( i n  th e  c a se  where 1  mol 
o f  X combines w ith  1 mol o f  Y). The p o i n t s S |  and Sg s i m i l a r l y  
r e p r e s e n t  th e  co m p o s it io n , i . e .  d eg ree  o f  h y d r a t io n ,  o f  th e  
component s a l t  h y d r a t e s .  Should th e  double  s a l t  o r  th e  com­
p o n e n t  s a l t s ,  be anhydrous , th e  p o i n t s  S, Sj o r  S2  would l i e ,  
a s  b e f o r e ,  on OP, OX and OY r e s p e c t i v e l y ,  bu t  a t  i n f i n i t e
d i s t a n c e  from  0 .
The b e h a v io u r  o f  th e  sy s tem  u n d e r  d i f f e r e n t  c o n d i t i o n s  
may now be d e a l t  w i t h .
E f f e c t  o f  Change o f  T em p era tu re  o f  S o l u t i o n  i n  E q u i l i b r iu m
w i th  o n ly  one s o l i d  p h a s e .
I« Where Double S a l t  i s  th e  S o l id  P h a s e .
The e q u i l i b r i u m  i n  t h i s  c a se  i s  m o n o v a r ia n t ,  and  th e  
s o l u t i o n  i s  r e p r e s e n t e d  by b ra n c h  I I  o f  t h e  i s o th e r m  i n  
F ig u r e  1 0 .  We have  to  f i n d  how th e  c o m p o s i t io n  o f  th e  s o l u ­
t i o n  w i l l  change  w i th  lo w e r in g  o r  r a i s i n g  th e  t e m p e r a tu r e .
L e t  t h e  c o m p o s i t io n  o f  t h e  s o l u t i o n  a t  any  p o i n t  q be 
r e p r e s e n t e d  by
a  m ols HgO, x T m ols X, and  y T m ols Y.
W ith a  change o f  t e m p e r a tu re  o n ly  two t h i n g s  can  t a k e  p l a c e .
1 .  S o l u t i o n  ( o r  d e p o s i t i o n )  o f  n  m ols XYg (EgO )^.
2 .  E v a p o r a t io n  ( o r  c o n d e n s a t io n )  o f ' n ^  m ols HgO.
I f  we c o n s id e r  t h a t  th e  q u a n t i t y  n^ i s  v e r y  s m a l l ,  com­
p a re d  w i th  a  and  n ,  th e n  th e  c o n s t i t u t i o n  o f  t h e  new s o l u t i o n  
i s
( a + n o O l f e O ,  ( x , - f - n )  Mols X, ( y t t  n § )  Mols Y.
o r  i n  *aT mols HgO t h e r e  a r e  d i s s o lv e d
a  ( x f 4* n  ) a  ( y t + n S )
------------   mols X , and — —' ■.- ..... ......... mols Y.
a + n  .oC a  -f- n©<
The new s o l u t i o n  w i l l  go th ro u g h  a  p o i n t  fr f , whose
c o - o r d i n a t e s  a r e  such t h a t
Xj. = a ( x ,  + n  ) and Yr  a a  ( y ,  +  n  S )
a  + n©C a  + nc< .
Then by e l i m in a t i n g  n from th e  above e q u a t io n s  we o b t a i n
a ?  -  oC y  a  ( y ,  -  S x ,)
Yr  = ---------------------Xr  +  -----------------------
^  ~t~ odft a  -  .
(1 7 )
T h is  i s  th e  e q u a t io n  o f  a  s t r a i g h t  l i n e ,  which p a s s e s  
th ro u g h  S, th e  c o - o r d i n a t e s  o f  which r e p r e s e n t  th e  c o n s t i t u ­
t i o n  o f  th e  double  s a l t .  Thus * r f w i l l  l i e  on th e  l i n e  qS. 
I t  f o l lo w s  th e n  t h a t
1 .  i f  a s o l u t i o n ,  w ith  double s a l t  a s  s o l i d  p h a se ,  i s
warmed to  a  h ig h e r  te m p e ra tu re ,  th e  co m p o s it io n  o f  th e
s o l u t i o n  w i l l  change in  such a way a s  may be r e p r e s e n te d  
by a  s t r a i g h t  l i n e  which p a s s e s  th rou gh  a p o i n t ,  th e  c o ­
o r d i n a t e s  o f  which r e p r e s e n t  th e  c o n s t i t u t i o n  o f  th e  
doub le  s a l t ,
2 .  i f  th e  doub le  s a l t  i s  anhydrous , th e  p o i n t  S i n  th e
l i m i t  w i l l  l i e  on OP, i n f i n i t e l y  d i s t a n t  from 0 ,
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3 .  i f  th e  s o l u t i o n  i s  c o o le d ,  Tr T w i l l  move to w ard s  fq f 
a lo n g  Sq, and double  s a l t  w i l l  "be d i s s o l v e d .  
I n c i d e n t a l l y ,  i t  m ight be p o in te d  o u t  t h a t  a l l  p o i n t s  
i n  th e  a r e a  abS r e p r e s e n t  s o l u t i o n s  s u p e r s a tu r a t e d  a t  th e  
t e m p e ra tu re  o f  t h e  iso th e rm  a  b .  I f ,  a t  t h i s  te m p e ra tu re ,  
a  s o l u t i o n  in  p re s e n c e  o f  doub le  s a l t  h a s  th e  c o n s t i t u t i o n  
r e p r e s e n t e d  by r  i t s  c o n s t i t u t i o n  w i l l  s lo w ly  change a lo n g  
r q  w i th  d e p o s i t i o n  o f  double  s a l t ,  t i l l  i t  r e a c h e s  t h a t  o f  q, 
on a b f ; oOr a s o l u t i o n  r e p r e s e n te d  by v , w i l l  change a lo n g  
v s ,  t i l l  s on ab i s  re a c h e d ,  a t  which p o i n t  e q u i l ib r iu m  w i l l  
be  a t t a i n e d .  S i m i l a r ly ,  f o r  any p o i n t  i n  abS.
I n c i d e n t a l l y ,  a l l  p o i n t s  w i th in  abS r e p r e s e n t  a l l  th e  
c o n s t i t u t i o n s  o f  a l l  p o s s ib l e  m ix tu re s  o f  s o l u t i o n  and doub le  
s a l t ,  a t  th e  te m p e ra tu re  o f  th e  i so th e rm .
I t  may be m entioned , in  p a s s in g ,  t h a t  t h i s  may form th e  
b a s i s  o f  a method o f  d e te rm in in g  th e  c o n s t i t u t i o n  o f  th e  
do ub le  s a l t ,  ( 3 1 ) ,  where a s o l u t i o n  and m ix tu re s  o f  double  
s a l t  and t h a t  s o l u t i o n  a re  a n a ly s e d ,  and by p r o j e c t i o n  th e  
p o i n t  S o b ta in e d .
I I .  One o f  th e  Components a s  th e  S o l id  P h ase .
L e t  u s  c o n s id e r  th e  c u rv e s  I  and I I I .  I n  I  th e  s o l i d  
p h a se  i s  X (H^O)^ and in  I I I  Y (H g O )^ .
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In  cu rv e  I ,  l e t  th e  p o i n t  f  r e p r e s e n t  s o l u t i o n  in  e q u i l ­
ib r iu m  w i th  X d ^ O )^  a t  th e  te m p e ra tu re  o f  th e  i s o th e rm .  The 
c o n s t i t u t i o n  o f  th e  s o l u t i o n  i s ,  say , a  mols HgO, 3^  mols X, 
and  y2 mols Y.
I f  t h e  te m p e ra tu re  i s  r a i s e d ,  suppose n  mols o f  X (HgO)^ 
t o  he d i s s o l v e d .  Then, i f  we ta k e  th e  q u a n t i t y  o f  s o lv e n t  
e v a p o ra te d  to  he v e ry  sm all  compared w i th  a  and oC , th e  co ­
o r d i n a t e s  and Y o f  a  p o in t  Tg T, which r e p r e s e n t  th e  new 
s o l u t i o n ,  a r e  r e p r e s e n te d  hy
a ( Zp i • n  ) ayP
Xg =  f ---------  and Yg z----- i -----
a  + noc a  + n°C
from  which, hy e l im in a t in g  n ,  we o b t a in
Yg ( a  -  <* ) +  oi. Xg = ay2 .
T h is  i s  th e  e x p re s s io n  o f  a s t r a i g h t  l i n e ,  which p a s s e s  
th ro u g h  th e  p o i n t  S^, which r e p r e s e n t s  th e  c o n s t i t u t i o n  o f  
th e  component X ( .HgO)^ .
Then, a s  b e f o r e ,  i f  we r a i s e  th e  te m p e ra tu re  o f  th e  s o l u ­
t i o n  k eep in g  X (HgOlb^ a s  th e  s o l i d  p h ase , th e  c o n s t i t u t i o n  o f  
th e  s o l u t i o n  w i l l  change so t h a t  i t s  components may he r e p r e ­
s e n te d  hy a s t r a i g h t  l i n e  p a s s in g  th rough  a p o i n t ,  th e  c o - o r d i ­
n a t e s  o f  which r e p r e s e n t  th e  com po s it io n  o f  th e  component s a l t .
A lso ,  th e  t r i a n g l e  da S- ,^ r e p r e s e n t s  s o l u t i o n  super saturated
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a t  th e  te m p e ra tu re  o f  th e  iso th e rm ; and a l s o  a l l  p o s s i b l e  
s t a b l e  m ix tu re s  o f  component and s o l u t i o n  may he r e p r e s e n te d  
by p o i n t s  w i th in  t h e  d iagram , a s  in  th e  c a se  w ith  th e  double  
s a l t .
A l l  th e  fo re g o in g  may be a p p l i e d  to  th e  cu rv e  I I I  w i th  
YdlgO)@ a s  s o l i d  p h a se .
Double S a l t  and Water a t  C onstan t T em pera tu re .
There a r e  t h r e e  p a r t i c u l a r  c a s e s  to  be c o n s id e re d ,  a c c o rd ­
in g  to  th e  shape and p o s i t i o n  o f  th e  double  s a l t  i so th e rm  
r e l a t i v e  to  th e  e q u i-m o le c u la r  l i n e  OP. The double  s a l t  i s  
assum ed to  c o n s i s t  o f  equ im olar p r o p o r t io n s  o f  i t s  component 
s a l t s .
Case I .
L e t  f ebadV r e p r e s e n t  th e  iso th e rm  (F ig u re  11) w ith  th e  
same s i g n i f i c a n c e  a s  b e fo re .
I f  a  l i t t l e  double  s a l t  i s  b roug h t in to  c o n ta c t  w i th  
w a te r ,  th e  double  s a l t  w i l l  d i s s o lv e  to  g iv e  s o l u t i o n ,  say  
fp f . I f  more double  s a l t  i s  added, i t  w i l l  be d i s s o lv e d ,  
and  th e  c o n s t i t u t i o n  o f  th e  s o lu t io n  w i l l  change to  s ,  and 
f i n a l l y  to  c .  I f  more double s a l t  i s  added when th e  s o lu ­
t i o n  h a s  a  c o n s t i t u t i o n  r e p r e s e n te d  by ’c ’ , i t  may d i s s o lv e  
to  g iv e  s o lu t io n  r e p r e s e n te d  by r .  T his s o l u t io n ,  however,
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would be s u p e r s a tu r a t e d  and would a t t a i n  s t a b l e  e q u i l ib r iu m  
by d e p o s i t i n g  double  s a l t ,  u n t i l  i t s  c o m p o s it io n  would 
become t h a t  r e p r e s e n te d  by f e ! . I f  more doub le  s a l t  were 
added  a f t e r  t h i s ,  i t  would sim ply  rem ain  unchanged .
Tc f r e p r e s e n t s  th e  s o l u b i l i t y  o f  th e  doub le  s a l t  a t  th e  
te m p e ra tu re  o f  th e  iso th e rm , and th e  s o l u t i o n  c o n ta in s  eq u a l  
m o le c u la r  p r o p e r t i e s  o f  X and Y.
Case I I .
L e t  th e  iso th e rm  have th e  form ebad F ig u re  12, where 
t h e  l i n e  OP c u t s  th e  b ranch  eb, where th e  s o l i d  phase  i s  
Y (HgO .
I f  we b r in g  a l i t t l e  double s a l t  in to  c o n ta c t  w ith  w a te r ,  
th e  doub le  s a l t  would d i s s o lv e  and we should  o b t a i n  s o l u t i o n  
o f  c o m p o s it io n  r e p r e s e n te d  by, say , p ,  and w ith  more double  
s a l t  th e  s o l u t i o n  would f i n a l l y  have a  co m p o s it io n  r e p r e ­
s e n te d  by f q 1.
Now, from p to  q th e r e  i s  no s o l id  phase  p r e s e n t ,  th e  
s o l u t i o n  d i s s o l v i n g  the  q u a n t i t y  o f  double  s a l t  added . At 
q th e  b eh av io u r  changes. I f  more double  s a l t  i s  added, 
s u f f i c i e n t  to  g iv e  s o lu t io n  e q u iv a le n t  to  fr f , d eco m p o sitio n  
o f  th e  double  s a l t  ta k e s  p la c e ,  and Y (H20 ) ^  i s  d e p o s i te d  
and th e  s o l u t i o n  a t t a i n s  th e  com position  r e p r e s e n te d  by t ,  
a t  which co m p o s it io n  i t  rem ains  in  e q u i l ib r iu m  w ith  th e  s o l i d  
p h a se  YfEgO .
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I f  f u r t h e r  doub le  s a l t  i s  added to  g iv e  a m ix tu re  r e p r e ­
s e n te d  by w, d e co m p o s it io n  a g a in  o c c u rs  to  g iv e  s o l i d  
Y (BgO)@ and  s o l u t io n  r e p r e s e n te d  by fb f . I f  even more 
d o u b le  s a l t  were added to  g iv e  a  s o l u t i o n  o r  m ix tu re  o f  th e  
c o m p o s i t io n  fg T, t h i s  s o l u t i o n  would b r e a k  up to  g iv e  doub le  
s a l t ,  and component Y (HgO)^ , and s o l u t i o n  o f  c o m p o s it io n  
fb T.
Case I I I .
S im i la r  to  t h i s  c ase  i s ,  where th e  l i n e  OP c u t s  th e  
b ranch  o f  th e  cu rv e  d a ,  where th e  s o l i d  phase  i s  X (H20Jt< . 
Such a c ase  i s  e n t i r e l y  an a lo g o u s  to  th e  f o r e g o in g .
There i s  a  s p e c i a l  c a se  o f  th e  second and t h i r d  c a s e s ,  
nam ely , where th e  l i n e  OP c u t s  th e  b ran c h , say , Ta d f o f  
t h e  cu rve  in  two p l a c e s ,  th e n  p a s s e s  th ro u g h  th e  b ranch  
Ta b f , a s  i n  F ig u re  13.
T h is  c a se  does  n o t  ap p ly  to  any o f  th e  i s o th e rm s  o b ta in e d  
f o r  th e  alum s, and i s  o n ly  m entioned a s  a  p o s s i b l e  c a s e .
A d d i t io n  o f  double s a l t  i n  sm all  q u a n t i t i e s  would f i r s t  
p ro d u ce  com plete  s o lu t io n  up to  fr r , when th e  s o l i d  phase  
x ( h2 o u  would a p p e a r ,  and f u r t h e r  a d d i t i o n  o f  th e  double  s a l t  
would cause  th e  com p osition  to  change a lo n g  r g s  w ith  s o l i d  
p h ase  X (HgOj^c a lw ays p r e s e n t .  F u r th e r  doub le  s a l t  would 
g iv e  com plete  s o l u t io n  w ith  no s o l i d  p h a se .  With more double  
s a l t  th e  co m p o s it io n  o f  th e  s o lu t io n  would change t i l l  c was
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r e a c h e d ,  a t  which c o m p o s i t io n ,  double  s a l t  would a p p e a r  a s  
s o l i d  p h a se ,  and double  s a l t  a d d i t i o n  would n o t  change th e  
c o m p o s it io n  o f  th e  s o l u t io n ,  th e  doub le  s a l t  r e m a in in g  u n ­
changed .
A d d i t io n  o f  a  Component a t  C onstan t T em pera tu re .
C onsider  th e  iso th e rm  o f  F ig u re  10 and suppose th e  p o in t  
w to  r e p r e s e n t  th e  c o m p o s it io n  o f  a m ix tu re  o f  component 
XCHgO)^ and s o l u t i o n ,  in  e q u i l ib r iu m  a t  th e  te m p e ra tu re  o f  
th e  i s o th e rm .  Now l e t  u s  suppose t h a t  to  t h i s  m ix tu re  i s  
added a  q u a n t i t y  o f  Y, and t h a t  th e  new m ix tu re  i n  c o m p o s it io n  
i s  r e p r e s e n te d  by th e  p o in t  Tn f . I h i s  m ix tu re  w i l l  be, 
u n s t a b l e ,  and w i l l ,  a s  e x p la in e d  p r e v io u s ly ,  change i n to  a 
s o l u t i o n  o f  th e  co m pos it ion  r e p r e s e n te d  by and s o l i d  
X(H20 )o<- • I f  s t i l l  more o f  Y i s  added , a m ix tu re  w i l l
be o b ta in e d  r e p r e s e n te d  by th e  p o in t  t ,  on th e  l i n e  *a S i T, 
which w i l l  b re a k  up in to  s o lu t io n  fa T, and s o l i d  X (%())<* .
Should f u r t h e r  amounts o f  Y be added, so a s  to  g iv e  mix­
t u r e s  o f  co m pos it ion  r e p r e s e n te d  by p o i n t s  between t  and z , 
th e s e  m ix tu re s  would f i n a l l y  rea ch  e q u i l ib r iu m  by s p l i t t i n g  
up i n to  s o l u t i o n  Ta T and a m ix tu re  o f  double  s a l t  and XCHgO^ . 
When a m ix tu re  r e p r e s e n te d  by t z 1 i s  re a c h e d ,  t h i s  would b re a k  
up to  g iv e  double  s a l t  on ly , and s o lu t io n  Ta f .
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With f u r t h e r  a d d i t i o n  o f  Y, th e  c o m p o s it io n  o f  th e  s o l u ­
t i o n  w i l l  change a lo n g  a b, w i th  double  s a l t  a s  s o l i d  p h a se ;  
and  when f i n a l l y , w i t h  a d d i t i o n  o f  Y ,a m ix tu re  i s  o b ta in e d  
which m ight be r e p r e s e n te d  by a p o in t  above th e  l i n e  b S, t h i s  
m ix tu re  would r e a c h  a s t a t e  o f  e q u i l ib r iu m  r e p r e s e n te d  by a 
s o l u t i o n  o f  c o m p o s it io n  fb T, and a m ix tu re  o f  doub le  s a l t  and 
Y(H20 ) ^  .
F u r th e r  a d d i t i o n  o f  Y C ^ O )^  would n o t  p ro d u ce  a  change 
i n  th e  c o m p o s it io n  o f  th e  s o l u t io n ,  s in c e  any r e s u l t i n g  mix­
t u r e  must be r e p r e s e n te d  by a  p o in t  between Sg bS.
S t a r t i n g  from s o lu t io n  r e p r e s e n te d  by Te f i n  e q u i l ib r iu m  
w ith  s o l i d  YCHgO)^ , i t  i s  p o s s ib l e  to  p a s s  a lo n g ,  in  a  manner 
s i m i l a r  to  t h a t  d e s c r ib e d  above to  s o l u t i o n  o f  th e  c o m p o s i t io n  
Ta r , i n  e q u i l i b r iu m  w ith  s o l i d  phase  composed o f  X dlgO )^ and 
do u b le  s a l t .
I t  w i l l  be observed  t h a t  th e s e  g e n e r a l  d e d u c t io n s  do n o t  
d e c id e  w hether th e  a d d i t i o n  o f  one component, to  a  s a t u r a t e d  
s o l u t i o n  o f  th e  o th e r ,  c au se s  s o lu t io n ,  o r  d e p o s i t i o n  o f  t h a t  
o t h e r ,  (o r  i f  doub le  s a l t  i s  th e  s o l i d  p h a se ,  d e p o s i t i o n  o r  
s o l u t i o n  o f  double  s a l t ) .  Such a p o in t  i s  d e te rm in ed  by th e  
g r a d i e n t  o f  th e  s o l u b i l i t y  i so th e rm s , w hether i t  i s  p o s i t i v e  
o r  n e g a t iv e ,  a n e g a t iv e  g r a d i e n t  i n d i c a t i n g  t h a t  th e  s o l i d  
p h a se  s a l t  i s  d e p o s i te d  by th e  a d d i t i o n  o f  th e  o th e r ,  and a
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p o s i t i v e  g r a d i e n t ,  t h a t  th e  s o l u t i o n  o f  t h e '  s o l i d  p h ase  s a l t  
t a k e s  p l a c e .
These g e n e r a l  d e d u c t io n s  w i l l  he a p p l i e d  in  th e  d i s c u s s i o n  
o f  t h e  s o l u b i l i t y  iso th e rm s  o f  th e  system s d e a l t  w ith  h e r e i n ­
a f t e r .

THE SYSTEMS.
The System Na2 SQ4 -  A12 (S04 ) -  H20 a t  0° and 25°C.
The e x i s t e n c e  o f  sodium alum was lo n g  th e  s u b j e c t
o f  d i s p u t e .  I t  was r e p o r t e d  to  have been  made by Z e l ln e r  
i n  1816 ( 32 )  by th e  spon taneous e v a p o ra t io n  o f  a s o l u t i o n  
c o n ta in i n g  sodium and alum inium  s u lp h a te s .  Ostw ald  doub ted  
i t s  e x i s t e n c e ,  b u t  Wadmore (3 4 )  and Smith (3 5 )  p roved  i t s  
e x i s t e n c e  and c o m p o s it io n ,  beyond a l l  d o u b t .
Smith ( 3 5 ) ,  shewed t h a t  sodium alum c o u ld  be r e p r e s e n te d  
by th e  fo rm u la  HagSO^Al^ S04 )3 2 4*HgO, and t h a t  i t  was d e ­
p o s i t e d  from  a h o t  s o lu t io n  o f  i t s  components i n  m o le cu la r  
p r o p o r t i o n s ,  i n  th e  form o f  a  p a s ty  mass which became c r y s t a l ­
l i n e  v e ry  s lo w ly .  .
I t s  p r e p a r a t i o n  on th e  m an u fac tu r in g  s c a l e  h a s  been  th e  
s u b j e c t  o f  p a t e n t s  (36 and 3 7 ) ,  i n  which i t s  p r e p a r a t i o n  i s  
d e s c r ib e d  by p r e p a r in g  a  s o lu t io n ^ o f  d e n s i ty  o f  1*35^o f  sodium 
s u lp h a te  and alum inium  s u lp h a te  i n  m o le cu la r  p r o p o r t io n s  a t  
50° -  60° and a l lo w in g  to  c o o l  to  abou t 15° C, when c r y s t a l s  
o f  alum (Ha2 S04A l2 (S04) 3 24 H20 )  s e p a ra te  o u t .
The d e te rm in a t io n  o f  th e  s o l u b i l i t y  iso th e rm s  o f  th e  
system  NagSO^. -  Alg( SO^jg-HgQ a t  0°C and 25°C i s  d e s c r ib e d  below.
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E x p e r im e n ta l .
E q u i l ib r iu m  m ix tu re s ,  i n  th e  case  o f  th e  i s o th e rm  a t  
0°C, were o b ta in e d  by p r e p a r in g  a s a t u r a t e d  s o l u t i o n  o f  one 
o f  th e  components a t  15° -  2 0 ° C, and d i s s o l v i n g  in  i t  v a r i o u s  
q u a n t i t i e s  o f  th e  o th e r  component. The r e s u l t i n g  s o l u t i o n  
was th e n  p la c e d  in  a f l a s k  in  a th e rm o s ta t  a t  0°C, and s t i r r e d  
c o n t in u o u s ly  f o r  fo u r  o r  f i v e  d a y s .  S t i r r i n g  f o r  s h o r t e r  
p e r i o d s  f a i l e d ,  w i th  c e r t a i n  m ix tu re s ,  to  p rod uce  e q u i l i b r iu m ,  
a s  a  sample o f  th e  s o lu t io n  ta k e n  a f t e r  a f u r t h e r  d a y ’ s s t i r ­
r i n g  shewed a change in  c o m p o s it io n .  ( I t  may be m entioned  
h e r e  t h a t  f o r  th e  o th e r  system s studied, t h r e e  d a y s 1 s t i r r i n g  
was s u f f i c i e n t  to  a t t a i n  e q u i l i b r i u m . )
At th e  end o f  th e  fo u r  o r  f i v e  days th e  r e s u l t i n g  s o l u ­
t i o n  was, w i th in  a few seconds, f i l t e r e d  by s u c t io n  i n to  a 
t a r e d  w eigh ing  b o t t l e  a t  th e  te m p e ra tu re  o f  th e  t h e r m o s t a t .
The s o l u t i o n  was th e n  weighed and made up to  a  known volume.
A s i m i l a r  p ro ced u re  was ob se rv ed  w ith  th e  i s o th e rm  a t  
25°C ex ce p t  t h a t  th e  te m p era tu re  o f  th e  s a t u r a t e d  s o l u t i o n s  
was a p p ro x im a te ly  ab ou t 30° C.
The alum inium  was e s t im a te d  volume t r i e  a l l y  by th e  method 
u se d  by B r i t t o n  (3 8 )  in  s tu d y in g  th e  iso th e rm  o f  K g S O ^ -A lg O ^  
-H20 a t  2 5 ° C. T o ta l  s u lp h a te  was e s t im a te d  by p r e c i p i t a t i o n  
w i th  barium  s u lp h a te ,  and th e  sodium s u lp h a te  e s t im a te d  by 
d i f f e r e n c e .
62.
I t  h a s  been  n o te d  by B r i t t o n  (3 8 )  t h a t  alum inium  s u lp h a te  
h y d r o ly s e s  above 30° C. In  t h e  e x p e r im e n ts  c a r r i e d  o u t ,  th e  
amount o f  h y d r o l y s i s  o f  th e  alum inium  s u lp h a te  i n  th e  s o l u t i o n s  
from  which e q u i l ib r iu m  m ix tu re s  were p re p a re d  was e x c e e d in g ly  
s m a l l ,  and  was n e g le c t e d .
The s o l u t i o n s ,  where alum inium  s u lp h a te  was th e  s o l i d  
p h a se  s a l t ,  were e x c e e d in g ly  v i s c o u s ,  and a s  r e p o r t e d  by 
B r i t t o n ,  were i n  some c a se s  c lo u d y .
D u p l ic a te  a n a ly s e s  were done f o r  each p o i n t .
R e s u l t s .
The r e s u l t s  o b ta in e d  a r e  c o r r e l a t e d  i n  th e  fo l lo w in g  
t a b l e s  and F ig u re  14 .
Table 1 g iv e s  th e  s o l u b i l i t y  d a ta  o b ta in e d  f o r  th e  
i s o th e rm  a t  0°C.
Table  2 g iv e s  th e  s o l u b i l i t y  d a ta  f o r  th e  iso th e rm  a t  
25*0° C.
F ig u re  14 shews g rap hs  o f  th e s e  v a lu e s ,  w i th  s o l u b i l i t y  
o f  th e  alum inium  su lp h a te  a s  a b s c i s s a e  and s o l u b i l i t y  o f  th e  
sodium s u lp h a te  a s  o r d i n a t e s .
3?ABLE X.
System HagSQ4 -  A lg(S04 )3 -  HgO a t  0°C.
Mols M gS04 
p e r  
1000g HgO.
Mols Alg (S04 )3 
p e r  
lOOOg H20


































(Ha2 S04 10 HgO
[ la g  S©4 Alg(S04 )3 24 HgO
Hag S04 Alg(S04 )3 24 HgO
(Hag S04  A lg(S0 4 ) 3  24 HgO 
(A1 2 (S 0 4 ) 3  18 H2 0
A12 (S04 ) 3  18 HgO 
A i2 (S04 )3 18 HgO
TABLE 2.
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(Ua2S04 10 HgO 
lHaa 304Alg (S04 )3 24 HgO 
JBTagS04A12 ( S04 ) g 24 H2 0
|Na2S04Al2 (S04 ) 24 H20
(A12 (S04 )3 18 H20 
A12 (S04 )3 18 H2 0
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D is c u s s io n o f  R e su l ts*
S o l u b i l i t y  o f  I so th e rm  a t  25° : * I t  w i l l  be ob served  
t h a t  th e  a d d i t i o n  o f  Alr^SQ^Jg to  th e  s a t u r a t e d  s o l u t i o n  o f  
NagSO^ p ro d u ces  a t  f i r s t  on ly  a  s l i g h t  i n c r e a s e  i n  th e  s o l u ­
b i l i t y  o f  th e  s o l i d  phase s a l t .  When, however, th e  concen­
t r a t i o n  o f  the  alum inium  s u lp h a te  has  reached  0*5 m ols , th e  
g r a d i e n t  o f  th e  s o l u b i l i t y  curve b eg ins  t o  i n c r e a s e ,  and a 
sm a ll  i n c r e a s e  i n  th e  c o n c e n t r a t io n  o f  th e  alum inium  s u lp h a te  
p ro d u ce s  a  v e ry  g r e a t  i n c r e a s e  i n  th e  s o l u b i l i t y  o f  t h e  sodium 
s u l p h a te .  T h is  h o ld s ,  up to  the  t r i p l e  p o i n t ,  where th e  con­
c e n t r a t i o n  o f  th e  alum inium  s u lp h a te  i s  a p p ro x im a te ly  0*69 
m ols.
Beyond t h i s  p o i n t ,  where th e  s o l i d  phase i s  doub le  s a l t ,  
an  i n c r e a s e  i n  c o n c e n t r a t i o n  o f  the  aluminium s u lp h a te  p ro ­
duces a g r e a t  d e c re a se  i n  the  c o n c e n t r a t io n  o f  t h e  sodium s u l ­
p h a te .  Between c o n c e n t r a t io n s  o f  aluminium s u lp h a te  o f  *69 
t o  *75 mols th e  g r a d ie n t  o f  the curve i s  such t h a t  the  a d d i t i o n  
o f  alum inium  s u l p h a t e ,  to  a  s o l u t i o n  a t  25°C o f  th e  co m p os it ion  
r e p r e s e n te d  by a  p o in t  on the  doub le  s a l t  p o r t i o n  o f  th e  ourve 
j u s t  beyond th e  t r i p l e  p o in t  would r e s u l t  i n  a r e d u c t io n  i n  con­
c e n t r a t i o n  o f  an  amount o f  sodium s u lp h a te ,  a lm ost e q u iv a le n t  
to  th e  w eigh t o f  aluminium s u lp h a te  added.
At th e  o t h e r  end o f  th e  curve  which r e p r e s e n t s  th e  
i n f lu e n c e  o f  sodium s u lp h a te  on th e  s o l u b i l i t y  o f  a lum inium  
s u l p h a t e ,  i t  w i l l  be ob se rv ed  t h a t  w h ile  a t  f i r s t  th e  a d d i t ­
io n  o f  sodium s u lp h a te  p ro d u ces  a  d e c re a se  i n  th e  s o l u b i l i t y  
o f  t h e  a lum inium  s u lp h a te ,  th e  g r a d i e n t  o f  th e  cu rve  changes  
and  an  i n c r e a s e  i n  s o l u b i l i t y  i s  r e g i s t e r e d ,  up to  th e  t r i p l e  
p o i n t .  From t h i s  p o in t  onwards to  th e  n e x t  t r i p l e  p o i n t  an 
i n c r e a s e  i n  th e  c o n c e n t r a t i o n  o f  sodium s u lp h a te  i s  a s s o c i a t e d  
w i th  a  d e c re a s e  i n  th e  c o n c e n t r a t io n  o f  th e  a lum inium  s u l p h a t e .
Double s a l t  i s  formed a t  c o n c e n t r a t io n s  o f  a lum inium  s u l ­
p h a te  from  0*68 to  1*14 mols. ' -  a ran g e  o f  0*46 mols
a lum in ium  s u lp h a te .
I s o th e rm  a t  0°C.
T h is  i so th e rm  i s  s im i la r  i n  form to  t h a t  a t  25°C, though  
th e  ra n g e  o ve r  which th e  double  s a l t  i s  formed i s  c o n s id e r a b ly  
l e s s .  I t  w i l l  a l s o  be n o te d  t h a t  th e  equ im o lar  l i n e  does  n o t  
p a s s  th ro u g h  th e  double s a l t  cu rv e ,  bu t p a s s e s  th rough  t h a t  
s e c t i o n  r e p r e s e n t i n g  s o l i d  phase  sodium s u lp h a te  d e c a h y d ra te  
i n  e q u i l i b r iu m  w ith  i t s  s o lu t io n  c o n ta in in g  v a ry in g  amounts o f  
a lum inium  s u l p h a t e .  This s t a t e  o f  a f f a i r s  i s  in  agreem ent 
w i th  th e  s ta te m e n ts  i n  th e  p a te n t  l i t e r a t u r e  (36 and 3 7 ) ,  t h a t  
i f  a  s a t u r a t e d  s o l u t i o n  o f  sodium alum ( i . e .  a  s o l u t i o n  con ­
t a i n i n g  equ im olar  p r o p o r t io n  o f  sodium, and o f  alum inium  s u l ­
67.
p h a t e s )  i s  c o o le d  below  10°C, sodium s u lp h a te  h y d r a te  c r y s t a l s  
a r e  o b t a in e d  a s  th e  s o l i d  p h a se ,  i n s t e a d  o f  alum . Thus, a s  
e x p la in e d  h e r e t o f o r e  (page  5 5 )  i f  s u f f i c i e n t  sodium alum was 
s t i r r e d  w i th  w a te r  a t  0°C, th e  alum would decompose th e  s o l i d  
p h a se  would become sodium s u lp h a te ,  and t h e  C om position  o f  th e  
s o l u t i o n  would be r e p r e s e n te d  by some p o in t  on P b (F ig u re  1 4 ) .
The dou b le  s a l t  i s  formed between th e  c o n c e n t r a t i o n  o f  
alum in ium  s u lp h a te  o f  .82 mols -  1 ,09  m o l s / l i t r e ,  -  a  ran g e
o f  0 .2 7  mols o f  alum inium  s u lp h a te .
Q u a l i t a t i v e  E x p la n a t io n  o f  R e s u l t s  on th e  Debye Theory.
Owing to  t h e  h ig h  c o n c e n t r a t io n s ,  th e  e q u a t io n s  d e r iv e d  
from  th e  Debye th e o ry  o f  s o lu t io n  canno t be a p p l i e d  q u a n t i ­
t a t i v e l y  i n  t h i s  c a s e .
The r e s u l t s  o b ta in e d ,  however, may be d e a l t  w ith  q u a l i ­
t a t i v e l y .  The in c r e a s e  o f  th e  s o l u b i l i t y  o f  th e  sodium 
s u lp h a te  i s  in  acco rdance  w ith  th e  p r i n c i p l e s  o u t l i n e d  on 
p a g e s  3 7  and 38» a s  i s  th e  in c r e a s e  in  c o n c e n t r a t i o n ,  where 
a lum in ium  s u lp h a te  h y d ra te  i s  th e  s o l i d  phase  s a l t ,  and sodium 
s u lp h a te  i s  th e  in f lu e n c in g  s a l t .
In  th e  doub le  s a l t  s e c t i o n  o f  th e  i s o th e rm s ,  however, a 
d i f f e r e n t  s t a t e  p r e v a i l s ;  h e re  a d e c re a se  i n  c o n c e n t r a t i o n  o f
68.
th e  sodium s u lp h a te  i s  p roduced  by an a d d i t i o n  o f  a lum inium  
s u l p h a t e ,  to  an a lm o s t  q u a n t i t a t i v e  e x t e n t .  The p r o b a b i l i t y  
o f  o p p o s i t e l y  c h a rg ed  io n s  s t r i k i n g  one a n o th e r  must be con­
s i d e r e d  to  be so g r e a t l y  in c r e a s e d  t h a t  th e  o t h e r  io n ic  
e f f e c t s  (page  38) become sm all  in  com parison .
The shape o f  th e  c u rv e s ,  however, do n o t  r u l e  o u t  th e  
p o s s i b i l i t y  o f  io n ic  complexes b e in g  form ed.
The System KgS04  -  Alg( 3 0 4 ) 3  -  HgO a t  0° C.
and 25° C.
P o ta ss iu m  alum i s  p e rh a p s  th e  b e s t  known o f  th e  a lum s, 
p ro b a b ly  on a c c o u n t  o f  i t s  wide a p p l i c a t i o n  in  th e  d y e in g  
i n d u s t r y  a s  a m ordant, and i t s  u se  in  making show erproof 
f a b r i c s .  I t s  m anufactu re  i s  o f  g r e a t  a n t i q u i t y .  S ince  
th e  f i f t e e n t h  c e n tu r y  i t  h a s  been p re p a re d  a t  La T o lfa  ( 32)  
from  a n a t u r a l l y  o c c u r r in g  b a s ic  p o ta s s iu m  alum known a s  
alum  s to n e .  I t  may a ls o  be p re p a re d  by th e  a d d i t i o n  o f  
p o ta s s iu m  s u lp h a te  to  aluminium s u lp h a te  s o l u t i o n .
The s o l u b i l i t y  o f  th e  alum h a s  been  d e te rm ined  by numerous 
i n v e s t i g a t o r s  ( 39 )  (40)  (4 1 )  (42) and Marino ( 4 3 )  has  d e te rm in e d  
th e  c o m p o s it io n  o f  s o lu t io n s  which a re  i n  e q u i l ib r iu m  w ith  two 
s o l i d  p h a s e s ,  alum and p o tass iu m  s u lp h a te ,  o r  alum and alum inium
69.
s u l p h a t e ,  a t  v a r i o u s  t e m p e ra tu re s .
Though th e  alum i t s e l f  i s  w e l l  known, o n ly  one s o l u b i l i t y  
i s o th e r m  h a s  been  worked o u t  f o r  th e  above sy s tem . T h is  was 
done r e c e n t l y  by B r i t t o n  ( 3 8 ) ,  who d e m o n s tra te d  th e  e x c e e d in g ly  
wide l i m i t s  o f  f o rm a t io n  o f  th e  double  s a l t  a t  25° C. H is  
r e s u l t s  were e x p re s s e d  in  a p e c u l i a r  way, and have been r e c a l ­
c u l a t e d ,  and e x p re s s e d  in  a form s u i t a b l e  f o r  com parison  w ith  
th e  r e s u l t s  o f  th e  s e r i e s  s tu d ie d  h e r e i n .  Below i s  g iv e n  a 
d e s c r i p t i o n  o f  th e  d e te r m in a t io n  o f  th e  iso th e rm  a t  0° C.
E x p e r im e n ta l .
The e q u i l i b r iu m  m ix tu re s  were p re p a re d  i n  a  manner s i m i l a r  
to  th o s e  f o r  th e  Ha2 S04 -Alg( S04 ) 3  -HgO system , ex cep t t h a t  p u re  
p o ta s s iu m  s u lp h a te  o f  a n a l y t i c a l  q u a l i t y  was used  i n s t e a d  o f
sodium s u l p h a te .
The m ix tu re s  were s t i r r e d  f o r  t h r e e  days in  a  b o t t l e  a t  
t h e  te m p e ra tu re  o f  m e l t in g  i c e .  T his p e r io d  was found by 
ex p er im en t to  be s u f f i c i e n t  f o r  th e  e s ta b l i s h m e n t  o f  equilibrium .
The a n a ly s e s  were c a r r i e d  o u t  a s  d e s c r ib e d  f o r  system  
HagS04  -  Alg( S04 )g -HgO, and th e  p o ta s s iu m  was e s t im a te d  by 
d i f f e r e n c e .
R e s u l t s ,
The r e s u l t s  o b ta in e d  a r e  g iv e n  in  T ab le  3, w h i l s t  T ab le  
4 shews th e  r e s u l t s  o b ta in e d  by B r i t t o n  ( l o c .  c i t . )  f o r  th e  
s o l u b i l i t y  i s o th e rm  a t  25*0° C, r e c a l c u l a t e d  f o r  com parison  
w i th  th e  s e r i e s .  F ig u re  15 shews a  g rap h  o f  th e s e  r e s u l t s .
D is c u s s io n  o f  R e s u l t s .
I t  w i l l  be seen  t h a t  in  b o th  iso th e rm s  th e  a d d i t i o n  o f  
a lum in ium  s u lp h a te  to  a  s a t u r a t e d  s o lu t io n  o f  p o ta s s iu m  s u l ­
p h a t e ,  p ro d u ce s  an  in c r e a s e  in  th e  s o l u b i l i t y  o f  th e  s o l i d  
p h a se  s a l t  up to  th e  t r i p l e  p o i n t ,  a t  which th e  alum a p p e a rs  
i n  t h e  s o l i d  p h a s e .
Where p o ta s s iu m  alum a lo n e  i s  th e  s o l i d  p h a se ,  f u r t h e r  
i n c r e a s e  i n  th e  c o n c e n t r a t io n  o f  th e  alum inium  s u lp h a te  i s  
a s s o c i a t e d  w ith  a d e c rea se  in  th e  c o n c e n t r a t io n  o f  th e  p o t a s ­
sium s u lp h a te ,  u n t i l  th e  c o n c e n t r a t io n  o f  th e  aluminium s u l ­
p h a te  r e a c h e s  a b o u t  0 .6  m ols. From t h i s  v a lu e  onwards to  th e  
p o i n t  a t  which th e  s o l i d  phase  c o n s i s t s  o f  aluminium s u lp h a te  
h y d r a t e ,  and p o ta s s iu m  alum, in c re a s e  in  th e  c o n c e n t r a t io n  o f  
th e  alum inium  s u lp h a te  i s  a t te n d e d  by a s l i g h t  i n c r e a s e  i n  th e  
c one e n t r a t  io n  o f  p o ta s s iu m  s u l p h a t e .
71.
SABLE 3.
System  KgS04 -  A12 (S04 )S -  HgO a t  0° C,
Mols o f  MoSO. Mols o f  A lg (S0 4 ) 3
S o l id  Phase
p e r  lOOOg HgO p e r  lOOOg HgO.
0*427 0*000 £ 2S04
0*538 0*018
0-589 0*0158 j% s0 4
(£ 2S04 A12 (S04 )s  24 HgO
0*491 0-0145 k 2S04 a 1 2^so 4)3  24 H2°
0*227 0*026 " w
0*171 0*031 w "
0*058 0*058 " "
0*053 0*118 " "
0*047 0*497
0*0728 0*903 ” "
0*072 0*963 " IT •
0*117 1*131 (&gS04 A12 (S04 )3 24 HgO
(A lg(S04 )g 18 HgO 
0*095 0*995 Al2 (S04 )g 18 HgO
0*000 0*915 A12 (S04 )3 18 HgO
TABLE) 4#
System HgSQ4  -  A lg ( 8 0 4 ) 3  -  HgO a t  25°C.
Gm H20 
i n  w hich 
lOOg o f  
s o l u t e  
dissolves 
to give a  
saturated 
so lu tion
C om position  
of  S o l u t e
fc $
KgS04A32<S04)3
Gm Gm Mols m b
K2s ° 4 A32(S04)3 %S04 Alg(S04)3
p e r p e r p e r p e r
lOOOg lOOOg lOOOg lOOOg
h2 o HgO h20 h2 o
S o l id
Pha'se
830 1 0 0 *0 0 * 0 120*5 0 *0 0 0 0 *692
773 93* 4 6  * 6 120*5 8 *50 0 *692
679 89 »6 10*4 131*7 15* 0 0 *757
731 87* 9 1 2 * 1 120*4 16* 6 0 *692
999 79* 6 20*4 79*6 2 0 *4 0 *457
1190 73* 8 26*2 62*0 2 2 *0 0 *356
1415 53* 7 46*3 38*1 32* 9 o: 219
142,4 45* 5 54*5 31*9 38* 1 0 *178
1384 33* 7 66*3 24*3 47* 7 0 *139
1362 30* 2 69* 8 2 2 * 1 50* 9 0 *127
1150 23* 2 76*7 20*3 6 6 *7 0 *116
1028 2 0 *1 79*9 19*5. 77* 5 0 *1 1 2
8 8 6 16* 9 83* 1 18*9 93* 1 0 *109
754 1 2 *8 87*2 17*0 116* 0 0 *098
685 I I ­ 4 8 8 * 6 16*6 129* 4 0 *096
508 S' 9 91*1 17*5 179* 5 0 *1 0 0
235 6 *5 93*5 27*7 398* 3 0 *159
2 1 1 6 *0 94*0 28*4 445* 6 0 *163
245 3* 4 96*6 13*9 394* 1 0 *080
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1*120
The f i r s t  t h r e e  columns from th e  l e f t  shew th e  f i g u r e s  
o b ta in e d  by B r i t t o n  ( l o e . c i t . ) .  The f i g u r e s  i n  th e  o th e r  
columns a re  c a l c u l a t e d  from th o se  o f  B r i t to n *
73.

At th o s e  p o r t i o n s  o f  th e  c u rv e s  where alum inium  s u lp h a te  
h y d r a t e  i s  th e  s o l i d  p h a se ,  i t  w i l l  be o b se rv ed  t h a t  a  com­
p a r a t i v e l y  sm a ll  in c r e a s e  i n  th e  c o n c e n t r a t i o n  o f  the  
p o ta s s iu m  s u lp h a te  p rodu ces  a  l a r g e  in c r e a s e  i n  th e  s o l u b i l i t y  
o f  t h e  a lum inium  s u lp h a te .
P a s s in g  a lo n g  t h a t  p o r t i o n  o f  th e  cu rv e  from th e  p o i n t  a t  
w hich th e  s o l i d  phase  c o n s i s t s  o f  alum inium  s u lp h a te  h y d r a te ,  
and p o ta s s iu m  alum, to  t h a t  a t  which th e  s o l i d  phase  i s  alum, 
and th e  alum inium  s u lp h a te  c o n c e n t r a t i o n  i s  a b o u t  0 . 6  mols, i t  
w i l l  be o b se rv ed  t h a t  th e  a d d i t i o n  o f  p o ta s s iu m  s u lp h a te  to  
t h e  s o l u t i o n  w i l l  a c t u a l l y  produce  a  d e c re a se  in  c o n c e n t r a t i o n  
o f  p o ta s s iu m  s u lp h a te  a s  w e ll  a s  o f  aluminium s u lp h a te ,  th ro u g h  
th e  s e p a r a t i o n  o f  p o ta s s iu m  alum, i . e .  p o tass iu m  s u lp h a te  w i l l  
d e p o s i t  from s o l u t i o n  more th an  i t s  e q u iv a le n t  w e igh t o f  alum.
The c o n c e n t r a t i o n s  o f  alum inium  s u lp h a te  in  th e  s o l u t io n  
w i th in  which p o ta s s iu m  alum can rem ain  a s  s o l i d  p h a se ,  a re  
from  .016 mols to  1 .1 3  mols a t  0° C and from .044 mols to  1 .3 0  
m ols a t  25° 0 , r e p r e s e n t i n g  an in c r e a s e  i n  ran g e  w ith  r i s e  in  
te m p e r a tu re ;  th e s e  f i g u r e s  i n c i d e n t a l l y  a re  o f  th e  same o rd e r  
a s  th o s e  o b ta in e d  by e x t r a p o la t i o n  o f  c u rv e s  drawn from d a ta  
o b t a in e d  from  M arin o ’ s p ap e r  ( 4 3 ) .
*  The co m p o s it io n  o f  th e  s o l u t i o n  in  e q u i l ib r iu m  w ith  
A12 ( S 0 a ) 3  18 HpO and K alum a t  0°C i s  g iv en  by Marino a s  
2 4 3 . 73g A l2( SO4  ) *3 18 H2 0/100Og H2 0; 23 .45g  EgS04 /lOOOg HgO ), a
74.
The form s o f  th e  iso th e rm s  a r e  s i m i l a r  to  th o se  o b ta in e d  
f o r  t h e  system  -  Al2 (S04 )g -  H O, e x c e p t  t h a t  th e
e q u im o le c u la r  l i n e  p a s s e s  th ro u g h  th e  curve  r e p r e s e n t i n g  alum 
i n  e q u i l i b r iu m  w ith  s o l u t io n ,  in  bo th  i s o th e rm s .  Thus shew­
in g  t h a t  p o ta s s iu m  alum can e x i s t  in  e q u i l ib r iu m  w ith  a  s o lu t io n  
c o n ta in i n g  m o le c u la r  p r o p o r t io n s  o f  each component a t  0° C, in  
t h i s  r e s p e c t  b e in g  d i f f e r e n t  from sodium alum.
The s o l u b i l i t y  c u rv e s  f o r  th e  i so th e rm s  a t  0° C and 
25° C were c a l c u l a t e d  on th e  b a s i s  o f  th e  Debye Theory.
These p o r t i o n s  o f  th e  c u rv e s ,  r e p r e s e n t i n g  s o l u b i l i t i e s  
where p o ta s s iu m  s u lp h a te  i s  th e  s o l i d  p h ase , were c a l c u l a t e d  
a s  d e s c r ib e d  on p ag es  34 to . 40.
At th e  doub le  s a l t  p o r t io n  o f  th e  c u rv e s ,  however, from 
th e  t r i p l e  p o i n t ,  where KgSO^ and K alum a r e  in  e q u i l ib r iu m  
w ith  s o l u t i o n ,  to  th e  p o in t  where th e  double  s a l t  curve  c u t s  
th e  eq u im o la r  l i n e ,  th e  e q u a t io n  16 eou ld  n o t  be a p p l ie d  
d i r e c t l y ,  s in c e  th e  s lope  o f  th e  cu rve  i s  O u tw ard * . A 
f i c t i t i o u s  v a lu e  o f  Ta T was ta k e n  a t  t h i s  p a r t  such t h a t  th e  
c u rv e  o b ta in e d  i s  a lm ost  p a r a l l e l  to  th e  a x i s  r e p r e s e n t i n g  
th e  s o l u b i l i t y  o f  po tass iu m  s u lp h a te .
v a lu e  which does n o t  f i t  in  w ith  th e  o th e r  v a lu e s  g iv en  by 
h im . T his su g g e s ts  t h a t  th e  above f i g u r e  i s  g iv en  by
m is ta k e .
The com pos it ion  o f  th e  s o lu t io n  a t  t h i s  p o in t  a s  
d e te rm in e d  by th e  a u th o r  a g re e s  w ith  a  v a lu e  o b ta in e d  by 
e x t r a p o l a t i o n  from th e  o th e r  d a ta  g iv e n  by M arino.
75.
The v a lu e s  f o r  *a f a t  th e  o t h e r  p o r t i o n s  o f  th e  c u rv e s  
were c a l c u l a t e d  a s  p r e v io u s ly  e x p la in e d .
No a t t e m p t  was made to  c a l c u l a t e  changes i n  s o l u b i l i t y  
where a lum inium  s u lp h a te  was th e  s o l i d  p h ase , a s  i t  h a s  been  
shewn (4 4 )  t h a t  th e  Debye th e o ry  g iv e s  a s  a  r u l e  im p o ss ib le  
r e s u l t s  when a p p l i e d  to  such io n s  a s  a lum inium  a t  such con­
c e n t r a t i o n s .
The r e s u l t s  o b ta in e d  a r e  g iv e n  i n  T ab le s  5 and 6 .
A s tu d y  o f  F ig u re s  16 and 17 shews t h a t  t h e r e  i s  compara­
t i v e l y  good agreem en t between th e  c a l c u l a t e d ,  and e x p e r im e n ta l  
v a lu e s ,  w i th in  th e  c o n c e n t r a t i o n s  c a l c u l a t e d .  The m iddle 
p o r t i o n  o f  th e  doub le  s a l t  cu rv e  i n  th e  iso th e rm  a t  25° C 
c o u ld  n o t ,  a s  a l r e a d y  p o in te d  o u t  on page 4 1 , be c a l c u l a t e d  
by th e  method u sed  i n  th e  o th e r  p a r t s  o f  th e  double  s a l t  cu rv e  
owing to  th e  s lo p e  o f  th e  cu rve  b e in g  ou tw ard .
TAe (S’O jt - W/ j = -/%? &
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TABLE 5,
The System  KgS04  -  A lg (S04 ) 3 -  Hg0 a t  0° C.
KgSO  ^ in  the s o l id  phase
a = 3 .3 4  x  10 - 8
C oncentration  o f  
KgS04  mols/lOOOg. HgO
C on centration  o f  
A12 (S04 ) 3  mols/lOOOg.HgO
0.427 (exp erim en ta l)  
0 .587
0 .5 9 0  c a lc u la te d
0 .0 0 0
0 .0 1 0
0 .016
S o lid  Phase E2S04  A lg(S04 ) 3 24 HgO
5 s  1 3 .0  10“  ^ ( f i c t i t i o u s  v a lu e)
lo g  f  C oncentration  o f  C oncentration  o f  
A1 K^304 A lg (S04 ) 3 
mols/lOOOg. Hg0 mols/lOOOg. ilgO
Taken C alcu la ted
■0.2391 .589 • 020
•0.2386 .500 • 01999
•0*2378 -400 • 01998
•0.2371 .300 •01996
•0.2364 .2 0 0 • 01993
■0.2357 .1 0 0 •01990
S o l id  Phase K ^ 0 4  A l2 (S04 ) 3 24 HgO 
a -  1 .8 9  x  10 - 8
C alcu lated Taken
-1 .2 5 2 0.0800 0 .9 0 0
-1 .1 9 8 0 .0758 0 .800
-1 .1 4 4 0.0717 0 .700
-1 .0 9 0 0.0677 0 .600
-1 .0 3 6 0.0644 0 .500
TABLE 6.
The System  KgS04  -  A l2 tS04^3 “ H2°  a t  25°  °*  
Where Kg SO  ^ i s  the s o l id  p h ase , 
a i  2 .1 4  x  1CT8
C on cen tration
m o ls / tooOg.H 0 
2
C oncentration
a i 2 ( so 4 ) 3
mo Is/lOOOg. HgO
S o lid  phase
C a lcu la ted Taken
0 .6 9 2  (exp er im en ta l)
0 .7 1 0
0 .7 5 7
0 .0 0 0
0 .0 2 0




S o lid  Phase  
a s
KgS04  A12 (S04 )3  24 H20 a t  25°  
1 3 .0  x  10"7. ( f i c t i t i o u s ) «
C.
lo g  f .
A1
C on centration  o f  
K2S0 
m ols/4o00g HgO
C oncentration  o f  
A lg(S04 ) 3 
mols/lOOOg HgO
Taken CaL cu la ted
-0 .2 4 9 6
-0 .2 4 9 3
-0 .2 4 9 1
-0 .2 4 8 9
0 .2487










a » 2 .7 4  X 1 0 - 8
lo g  f K C alcu la ted ; Tdfcen
- 1 .0 0 0
-0 .9 7 1 6
-0 .9 0 8 7
-0 .8 7 8 4
-0 .8 4 7 9
-0 .8 1 7 4











0 .2 0 0
These r e s u l t s ,  a long w ith  th e  experim ental v a lu e s  are  
shewn in  F ig s .  16 and 17 .
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The System (NH4J 2  SO4  -  A l2 (SC>4 ) 2  - HgO a t  Q°C and 25°C.
A lthough  s e v e r a l  i n v e s t i g a t o r s  (3 9 ,  41, 42)  have d e t e r ­
mined th e  s o l u b i l i t y  o f  ammonium alum, no one h a s  a p p a r e n t ly  
worked o u t  i s o th e rm s  f o r  th e  system  (HH^jg S0 4  -  A lg(S 0 4 ) 3
-  HgO. R u d o r f f ,  however, ( 4 5 )  d e te rm in ed  th e  s o l u b i l i t y  o f  
ammonium alum i n  p re s e n c e  o f  ammonium s u lp h a te  and in  p re s e n c e  
o f  a lum inium  s u lp h a te  in  w a te r  a t  1 8 .5 °  C.
E x p e r im e n ta l .
S a tu r a te d  s o l u t io n s  c o n ta in in g  ammonium and aluminium 
s u lp h a te  i n  v a ry in g  p r o p o r t io n s  were made up a  few d e g re e s  
above th e  te m p e ra tu re  o f  th e  i so th e rm . These s o l u t io n s
were p la c e d  in  b o t t l e s  f i t t e d  w ith  s t i r r e r s ,  and p la c e d  in  
a  th e r m o s ta t  r e g u l a t e d  to  rem ain  a t  25° C, o r  a t  0° C. 
A g i t a t i o n  was c o n tin u e d  f o r  a  p e r io d  o f  t h r e e  days, when a 
p o r t i o n  o f  th e  s o l u t io n  abou t 2 0  g .  -  was removed, made up to  
250 c c s  and a n a ly s e d .
Method o f  A n a ly s i s .
The most c o n v e n ie n t  method o f  a n a l y s i s  i n  t h i s  case  was 
t o  e s t im a te  th e  ammonium su lp h a te  by th e  ammonia e v o lu t io n
79.
m ethod; and to  de te rm in e  th e  t o t a l  s u lp h a te  by p r e c i p i t a t i o n  
w i th  ba rium  c h lo r i d e  as b e fo re .  The aluminium s u lp h a te  con­
t e n t  cou ld  th e n  be o b ta in e d .
R e s u l t s .
The r e s u l t s  o b ta in e d  a re  g iven  i n  T ab les  6  and 7. Table 
6  c o r r e l a t e s  the  s o l u b i l i t y  v a lu e s  f o r  th e  iso th e rm  a t  0 ° C 
and T ab le  7 th o se  f o r  the  i so th e rm  a t  25° C.
Graphs o f  th e  iso th e rm s  a re  shewn on f i g u r e s  18 and 19.
Di s c u s s i on o f  R e s u l ts*
The iso th e rm s  a re  o f  a  shape somewhat s i m i l a r  t o  th o se  
o b ta in e d  f o r  KgSG .^ -  Al2 ( 8 0 4 ) 3  ~ ^ a t  w i t l 1  c e r t a i n  d i f f e r ­
e n c e s .
F i r s t ,  th e  a d d i t io n s  o f  aluminium s u lp h a te  p roduces  a 
d e c re a s e  i n  the  c o n c e n t r a t i o n  o f  th e  ammonium s u lp h a te  up to  
th e  p o in t  where double s a l t  and ammonium s u lp h a te  form th e  
s o l i d  p h a se .  F u r th e r  a d d i t i o n  o f  aluminium s u lp h a te  causes  
a  f u r t h e r  d e c re a se  i n  the  c o n c e n t r a t io n  o f  the  ammonium s u l ­
p h a te ,  and th e  g r a d ie n t  o f  th e  curve i s  such  t h a t  the  a d d i t i o n  
o f  alum inium  s u lp h a te  to  a s o l u t io n ,  o f  c o n s t i t u t i o n  a s  r e p r e ­
s e n te d  by a  p o in t  on th e  double s a l t  p o r t io n  o f  the curve n e a r  
to  t h e  t r i p l e  p o i n t ,  i n  e q u i l ib r iu m  w ith  double  s a l t ,  would 
cause  th e  d e p o s i t i o n  o f  a q u a n t i t y  o f  ammonium alum, g r e a t e r
80,
TABLE 7.
The System  (UH4 ) 2  S04  -  A lg(S0 4 ) 3  -  H2 0 a t  0° 0.
? m ols ( )  S04  g mols A12 (S0 4 ) 3

























S o l id  Phase
m i ) 2  so4
( ( hh4 )2 so4
! <HH4 ) 2  S04Aty 3L4 )3  24 HgO 
( (HH4)g S04 A3g(S04) 24 HgO
((B%)S%Alg(S%)3 24 HgO
(A l2 (3 ° 4 ) 3  IS HgO
A1 (SO ) 18 H 02 4 3 2
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TABLE 8.
The System (HH4 ) 2  S04  -  A12 (S0 4 ) 3  -  HgO a t  25°0.
g-.mols (HH4 )gS04  g .m ols (A l)g (S 0 4 ) 3















p e r  lOOOg HgO
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0*043 
0*088
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((HH4 )g S04 Alg 
{(S04 )3 2 4  HgO
(HH4 2 S04 Alg(S04 )3 24 HgO 
(Alg(S04 )3 18 HgO 
A12 (S04 )3 18 HgO


















t h a n  t h a t ,  e q u iv a l e n t  to  th e  w eigh t o f  alum inium  s u lp h a te  added . 
In  t h i s  p a r t i c u l a r  p o r t i o n  o f  th e  cu rv e  (A -  B F ig s .  18 and 19) 
we have th e  p e c u l i a r  phenomenon o f  th e  a d d i t i o n  o f  a s a l t  to  a 
s a t u r a t e d  s o l u t i o n  a c t u a l l y  d e c r e a s in g  th e  c o n c e n t r a t i o n  o f  
t h a t  s a l t  i n  th e  s o l u t i o n .
Owing to  th e  h ig h  c o n c e n t r a t i o n s ,  th e  s o l u b i l i t y  th e o ry  o f  
Debye and Huclcel was n o t  a p p l i e d  where th e  s o l i d  phase  was 
ammonium s u l p h a t e .  On th e  o th e r  hand , th e  change in  concen­
t r a t i o n s  i n  th e  doub le  s a l t  p o r t i o n s  o f  th e  c u rv e s  may be
c a l c u l a t e d  a s  d e s c r ib e d  on pages  38 to  .46. The v a lu e s  o b ta in e d  
a r e  g iv e n  on T a b le s  9 and 10 .
F ig u r e s  20 and 2 1  shew how c l o s e l y  th e  c a l c u l a t e d  and
e x p e r im e n ta l  v a lu e s  a g re e .  As in  th e  c a se  o f  th e  -
Alg( SO4 J 3  -  H2 O sys tem , th e  agreem ent i s  b e t t e r  i n  th e  case  o f  
th e  i s o th e r m  a t  0° C th a n  a t  25° C, p o s s ib l y  owing to  lower 
consentrations. The m iddle  p o r t i o n  o f  th e  curve  a t  25° C was 
n o t  c a l c u l a t e d  f o r  th e  same re a s o n  a s  in  th e  c a se  o f  th e  a n a lo ­
gous c u rv e  o f  p o ta s s iu m  alum a t  25° C.
At t h e  p o r t i o n  o f  th e  curve where alum inium  s u lp h a te  
h y d r a te  i s  th e  s o l i d  p h a se ,  i t  w i l l  be ob served  t h a t  th e  
a d d i t i o n  o f  ammonium s u lp h a te  p ro d u ces  an in c r e a s e  i n  th e  con­
c e n t r a t i o n  o f  th e  alum inium  s u lp h a te  u n t i l  th e  double  s a l t  
b e g in s  to  s e p a r a t e  from th e  s o l u t io n .  F u r th e r  a d d i t i o n  o f  
ammonium s u lp h a te  p ro d u c e s  a  d e c re a se  in  th e  c o n c e n t r a t io n  o f
SABLE 9.
The System  (UH4 ) 2  S04  -  A12 (S0 4 ) 3  -  HgO a t  0° C 
S o l id  P hase  (UH4 ) 2  S04  A12 (S0 4 ) 3  24 HgO. 
a -  7 .0 1  x 10 - 8 ’
lo g  f
A l.
C o n c e n t r a t io n  o f  
(nh 4 ) 2  S04  
g .m o ls  /  lOOOg HgO
C o n c e n t r a t io n  o f  
A l2(S04)3 
g .m ols  /  lOOOg HgO
-3* 996 
-3* 832 
-3 •6 6 0  
-3*418 
-3*177












C a lc u la te d
a 0.442  * 10 - 8

















These v a lu e s  a re  shewn a lo n g  w ith  th e  c o rre sp o n d in g  
e x p e r im e n ta l  v a lu e s ,  i n  f ig u r e  2 0 .
84.
TABLE 1 0 ,
The System  (HH4 ) g S04  A lg(S04 )3 -  H20 a t  25° q . 
S o lid  Phase (NH^)2 S04 -  A lg (S04 ) 3 -  24 Hg0 .  
a * 6*18 x  10 “8
lo g  f  
A l .
C on centration  o f
(1E4 ) 2 S04 
mol/lOOOg. Hg0
C on centration  o f  
a i 2 (so4 )3
mols/lOOOg. HgO
Taken C a lcu la ted
-4 .5 8 1 3 .0 0 0 .0 5 0
-4 .4 5 8 2.00 0 .0 4 4
-4 .2 1 0 1.00 0.0345
-4 .0 5 2 0 .7 0 0 .0295
a -  3 . 2 1 x 1 0 - 8
lo g  f
(nh4 ) C alcu la ted Taken
-0 .8 3 3 3 .050 0 .500
-0 .8 0 9 6 *0488 0 .4 0 0
-0 .7 7 8 0 '0473 0 .3 0 0
-0 .7 2 9 8 •0451 0.200


th e  ammonium s u lp h a te ,  w ith  d e p o s i t io n  o f  double  s a l t .
The ra n g e  o f  fo rm a t io n  o f  th e  ammonium alum i s  from 
0 .0 7  m ols to  1 ,1 0  mols o f  aluminium s u lp h a te  a t  0° C and
from 0 .0 9  mols to  1 .19  mols a t  25° C. Thus th e r e  i s  a  s l i g h t
I
i n c r e a s e  i n  th e  l i m i t s  o f  fo rm a tio n  w ith  r i s e  o f  te m p e ra tu re .
The c au se  o f  th e  d e c rea se  in  th e  s o l u b i l i t y  o f  th e  ammo­
nium s u lp h a te  w i th  th e  a d d i t i o n  o f  aluminium s u lp h a te  may be
t h a t  th e  d e c r e a s e  in  s o l u b i l i t y  due to  th e  p r o b a b i l i t y  o f
o p p o s i t e l y  c h a rg e d  io n s  c o l l i d i n g  and p r e c i p i t a t i n g  i s  g r e a t e r  
th a n  t h e  ten d e n cy  to  in c r e a s e  in  s o l u b i l i t y  due to  g r e a t e r  
t o t a l  i o n i c  c o n c e n t r a t i o n .  (Sch& rer. 25)
I n  th e  double  s a l t  p o r t io n  o f  th e  curve th e  inward s lop e  
i s  c o n s i s t e n t  w i th  p r a c t i c a l l y  complete d i s s o c i a t i o n ,  and 
d e c re a s e d  io n ic  e f f e c t  w ith  f a l l  o f  c o n c e n t r a t io n .  In  t h i s  
r e s p e c t  t h e  cu rve  f o r  ammonium alum i s  d i f f e r e n t  from t h a t  f o r  
sodium alum  and d i f f e r s  from a p o r t i o n  o f  th e  p o ta s s iu m  alum 
c u r v e .
The System (Tl)p> SO4  -  Al2 (S 0 4 )a * H2 O. 
a t  0° C and 25° C.
W h ils t  th e  s o l u b i l i t y  o f  th a l l iu m  alum h as  been d e t e r ­
mined by s e v e r a l  w orkers (41 ) (4 2 )  (4 6 ) ,  no one h a s  a p p a r e n t ly  
d e te rm in e d  a s o l u b i l i t y  iso th e rm  o f  th e  system  T12 S04  -  A l 2
86 .
-  HgO. In  view  o f  th e  c lo s e  chem ical r e l a t i o n s h i p  
o f  t h a l l i u m  w i th  th e  a l k a l i  group,, a . d e te rm in a t io n  o f  th e  
l i m i t s  o f  f o rm a t io n  o f  th e  th a l l iu m  alum was o f  i n t e r e s t ,  
and was a c c o r d in g ly  d e te rm ined  a t  0° C and 25° C.
R eg ard in g  th e  iso th e rm  a t  25° C i t  must be s t a t e d  t h a t  
owing to  th e  s h o r t  tim e a v a i l a b l e  ( th rough  th e  a u th o r  l e a v in g  
to  t a k e  up a p o s t  w i th  M essrs. The Im p e r ia l  Chemical I n d u s t r i e s ) ,  
i t  was im p o s s ib le  to  de te rm ine  th e  com plete  iso th e rm , b u t  in  
v iew  o f  t h e  im po rtance  o f  th e  r e s u l t s  in  th e  l i g h t  o f  th e  
Debye s o l u b i l i t y  th e o r y ,  i t  was dec ided  to  in c lu d e  the  work 
done on t h i s  i s o th e rm  in  t h i s  r e p o r t .
E x p e r im e n ta l .
The p ro c e d u re  fo llo w ed  was s im i l a r  to  t h a t  used  in  th e  
d e te r m i n a t i o n  o f  th e  iso th e rm  f o r  th e  system Kg S04  -  A lg 
(S ° 4 ) 3  -  HgO. The th a l l iu m  s u lp h a te  used was r e c r y s t a l ­
l i s e d  m a t e r i a l .
The a n a l y t i c a l  p rocedure  was th e  same a s  in  th e  p o tass iu m  
s u lp h a te  -  alum inium  su lp h a te  -  w a ter  system; th e  com position  
o f  th e  s o l u t i o n s  b e in g  c a l c u l a t e d  from th e  a n a l y t i c a l  d e te rm i­
n a t i o n  o f  th e  alum inium , and t o t a l  su lp h a te  c o n te n ts  o f  th e  
s o l u t i o n s .
A rem ark  i s  n e c e s s a ry  r e g a rd in g  th e  acc u ra c y  o f  th e  
r e s u l t s .  On acco u n t  o f  th e  h igh  m o lecu la r  w eight o f  TlgS04
and i t s  low  s o l u b i l i t y ,  a  v e ry  sm all  e r r o r  i n  th e  aluminium 
e s t i m a t i o n  c a u s e s  a  c o m p a ra t iv e ly  l a r g e  e r r o r  i n  the  t h a l l iu m  
s u l p h a te  f i g u r e ;  th e  p ro b ab le  a c c u ra c y  o f  th e  th a l l iu m  s u l ­
p h a te  e s t i m a t i o n  i s  about I 56 -  3^, a c c o rd in g  to  th e  concen­
t r a t i o n  o f  th e  a lum inium  s u lp h a te .
R e s u l t s .
The r e s u l t s  o b ta in e d  a re  g iv e n  in  th e  fo l lo w in g  T a b le s : -  
Table  11 shews th e  f i g u r e s  f o r  th e  iso th e rm  a t  0° C. 
Table  12 shews th e  f i g u r e s  f o r  th e  iso th e rm  a t  25° C. 
F ig u re s  22 and 23 shew g rap h s  o f  th e  two iso th e rm s .
D is c u s s io n  o f  R e s u l t s .
I n  b o th  i s o th e rm s  i t  i s  shewn t h a t  th e  a d d i t i o n  o f  a lum in ­
ium s u lp h a te  to  a  s a t u r a t e d  s o lu t io n  o f  th a l l iu m  s u lp h a te  i n  
p re s e n c e  o f  t h a l l iu m  su lp h a te ,  i n c r e a s e s  th e  s o l u b i l i t y  o f  th e
s o l i d  p h a se  s a l t .
A t th e  double  s a l t  p o r t io n s  o f  th e  c u rv es  i t  w i l l  be seen  
t h a t  t h e  form i s  s i m i l a r  to  t h a t  o b ta in e d  in  th e  system 
(NH2 )2 S° 4  -  A1 2 (S 0 4 ) 3  -  H2 O. From the  p o in t  a t  which th a l l iu m  
alum and t h a l l iu m  su lp h a te  form th e  s o l i d  phase , a  d e c re a se  in  
th e  c o n c e n t r a t i o n  o f  th a l l iu m  su lp h a te ,  a s  w e ll  a s  aluminium 
s u lp h a te  would be caused  by th e  a d d i t io n  o f  aluminium s u lp h a te ,  
u n t i l  th e  c o n c e n t r a t io n  o f  th e  aluminium s u lp h a te  re a c h e s  a
TABLE 11.
The System TlgS0 4  -  A12 (S04 ) 3  -  H20 a t  0°C.
g m ols T lgS 0 4  
p e r  lOOOg H2 0
g mols A1 2 (S 0 4 ) 3  


























( t i 2 s ° 4
(
(TlgS04 Alg(S0 4 ) 3  24 HgO 
(TlgS04 Al2 (S04 ) 3  24 HgO
(T12 S04 A12 (S04 ) 3  24 HgO 
(AXg(S04 ) 3  18 HgO 
Alg{804 )3 18 HgO
TABLE 13.
The System TlgS04  -  A12 (S04 ) 3  -  HgO a t  25° C.
g mols T12 S04  g mols A1 2 (S 0 a ) 3
S o l id  Phase
p e r  lOOOg HgO p e r  lOOOg HgO
0*0998 0-000 TlgS04
0-136 0-0725 n
0-145 0*0910 (T1s S04
(TlgS04A lg( S04 )g 24 HgO
0 .0 9 0 0*090 TlgS04Alg(S04 )g 24 HgO
0*0814 0-0885 If If
0*0932 0-405 If »»
0*0956 0-433 tf ft
0*112 0*708 fl ft
0*231 1-259 jTlgS04Alg (S04 )g 24 HgO 
(A lg(304 )3 18 HgO
0 * 0 0 0 1*120 Alg(S04 )g 18 HgO


c o n c e n t r a t i o n  o f  a b o u t  0*1 mol. Beyond t h i s  c o n c e n t r a t io n  
f u r t h e r  q u a n t i t i e s  o f  aluminium s u lp h a te  would he d i s s o lv e d ,  
c a u s in g  a l s o  s o l u t i o n  o f  th e  s o l i d  p h a se ,  u n t i l  t h a t  p o in t  i s  
r e a c h e d  where t h a l l i u m  alum and alum inium  s u lp h a te  h y d ra te  
c o n s t i t u t e  th e  s o l i d  p h a se .
At th o s e  p a r t s  o f  th e  c u rv e s  where th e  s o l i d  phase  i s  
AlgCSO^jg 18 HgQ a d d i t i o n  o f  t h a l l iu m  su lp h a te  c au se s  an i n ­
c r e a s e  o f  s o l u b i l i t y  o f  th e  s o l i d  phase  s a l t ,  up to  th e  t r i p l e  
p o i n t  a t  which th e  alum and aluminium s u lp h a te  h y d ra te  a re  in  
e q u i l i b r i u m  w ith  th e  s o l u t io n .
As in  th e  o th e r  c a s e s ,  th e  alum i s  formed over v e ry  wide 
l i m i t s  from  0 .0 5  to  1 .23  mols o f  alum inium  su lp h a te ,  Alg( S04 ) 3  
a t  0° C, and from 0 .0 9  to  1 .26  mols a t  25° C, shewing t h a t  th e  
l i m i t s  o f  fo rm a t io n  o f  th e  alum a r e  p r a c t i c a l l y  th e  same fo r  
th e  two t e m p e r a tu r e s .  In  t h i s  r e s p e c t  th a l l iu m  alum d i f f e r s  
from  th e  o t h e r  alums o f  th e  s e r i e s ,  which shew a marked i n ­
c r e a s e  i n  ran g e  o f  fo rm a t io n  w ith  r i s e  in  tem p era tu re  from 0° C 
to  25° C.
As i n  th e  c a se  o f  p o tass iu m  and ammonium alum s, th e  alum 
can  e x i s t  i n  e q u i l ib r iu m  w ith  i t s  s o lu t io n  a t  0® and 25° t».
C a l c u l a t i o n  o f  P a r t  o f  th e  S o l u b i l i t y  Curves, on th e  B a s is  
o f  t h e  Debye Theory o f  S o lu t io n .
The low  c o n c e n t r a t i o n s  a t  th e  th a l l iu m  su lp h a te  end o f  
th e  c u rv e  a l l o w  th e  Debye th e o ry  to  he a p p l ie d  over a l a r g e '  
p a r t  o f  th e  c u r v e s .
The c a l c u l a t i o n s  were made a S h f ih e  system K2 S0 4  -  Alg(S04)g 
-  HgO. The r e s u l t s  o b ta in e d  a re  g iv en  in  T ab les  13 and 14.
An e x a m in a t io n  o f  F ig u re s  24 and 25 shews t h a t  th e r e  i s  
a c o m p a r a t iv e ly  c lo s e  agreem ent between the  c a l c u l a t e d  and 
e x p e r im e n ta l  v a lu e s  w i th in  the  c o n c e n t r a t io n s  ta k e n .  I t  w i l l  
be o b se rv e d  ( a s  i n  th e  c ase  where i s  s o l id  p hase)  t h a t
where TlgSO^ i s  th e  s o l i d  phase th e  c a l c u l a t e d  v a lu e s  g iv e  a 
c u rv e  w hich  i s  convex upwards, w h i l s t  th e  experim en ta l  curve 
i s  concave  upw ards. The p o s s ib le  s ig n i f ic a n c e  o f  t h i s  i s  
d e a l t  w i th  i n  th e  g e n e r a l  d i s c u s s io n  o f  r e s u l t s .
The System  LigSO^ -  A lg(S 0 4 )g -  IfeO*
The s o l u b i l i t y  iso th e rm  fo r  th e  above system a t  30° C 
was d e te rm in e d  by Sohreinem akere and De Waal (4 7 .)  This 
a p p e a r s  to  be th e  o n ly  p u b l is h e d  work on t h i s  system . I t  
was shewn t h a t  l i t h i u m  alum was n o t  formed a t  th e  above temp 
e r a t u r e .
92,.
TABLE 13.
The System  T12 S04  -  Alg (S04 ) 3  -  Hg 0  a t  0° 0. 
Where TlgS0 4  i s  i n  th e  s o l i d  phase 
a  -  8 ,48  X 1CT8
C o n c e n t r a t io n  o f  
T12 S04  
mols/lOOOg H20 
 C a lc u l a t e d ___
0*535 ( e x p e r i ­
m e n ta l)
0*586
0*614




S o lid  Phase
0 * 0 0 0 T12 S04
0 * 0 2 0
?i
0*050 ( t i 2 so4(T hallium  alum
Where s o l i d  Phase i s  Double S a l t  
T1£S04  A12 (S04 ) 3  24 H2 0
a  -  9.92 X 10 -8
lo g  f
A l.
C o n c e n tra t io n  o f  
T l 2 S04 m o ls /l0 0 0 g  Hg Q













a  = *386 X  10- 8
lo g  f
B r

























The System  T12 (S04 ) A12 (S04 ) 3  -  Hg0 a t  25° C. 
Where T12 S04  i s  i n  the  s o l i d  phase 
a  ■ 4 -07  x  10" 8
C o n c e n t r a t io n  o f  C o n c e n tra t io n  of
T I 2 SO4  n S o l id  Phasemols/lOOOg H2 O mols/lOOOg H20
n n ~ - a  m~'1-
0*0998
0*145
( e x p e r i -  0 * 0 0 0  
m e n ta l )
*070
TlgS ° 4
T1 2 S0 4
0* 147 *091 f l 2 S0 4  & 
Thallium  Alum
Where s o l i d  phase i s  double  s a l t
T12 S04  A12 (S04 ) 3  24 H20
a  * 13*9 x  10“ 7
lo g  f
A l.
C o n c e n tra t io n  o f  
TlgSO^mols/lOOOg H20
C o n c en tra t io n  of 
Al2 (304 )3m ols /l000 g  Hg0






0 * 130 






a = 3*26 x  10“ 8

















0 * 2 0 0  
0* 150
Graphs o f  the  c a l c u l a t e d  and ex p er im en ta l  v a lu e s  a re  
shewn i n  f i g u r e s  24 and 25.
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Owing to  s c a r c i t y  o f  tim e -  due to  a f o r e s a id  r e a s o n  -  
i t  was n o t  found  p o s s ib l e  to  de te rm ine  th e  com plete  iso th e rm  
a t  0° C -  s u f f i c i e n t  p o i n t s ,  however, were de te rm ined , to  
shew beyond any p o s s ib l e  doub t, th e  form o f  th e  iso th e rm  a t  
0° C, and  to  p rove  c o n c lu s iv e ly  t h a t  th e  double s a l t  was n o t  
formed a t  t h a t  te m p e ra tu re .
E x p e r im e n ta l .
The p ro c e d u re  fo l lo w ed  was s im i l a r  to  t h a t  f o r  th e  o th e r  
sy s te m s .
S in ce  th e  p ro o f  o f  th e  e x is te n c e  o f  a s o lu t io n  o f  d e f i ­
n i t e  c o m p o s i t io n  e x i s t i n g  in  e q u i l ib r iu m  w ith  a  s o l i d  phase 
c o n s i s t i n g  o f  l i t h i u m  s u lp h a te  and aluminium su lp h a te  was o f  
supreme im p o r ta n c e ,  c a re  was tak e n  to  de term ine  t h a t  th e  s o l i d  
phase  a t  t h i s  p o i n t  d id  n o t  c o n ta in  alum.
Two s e p a r a t e  ex p e r im en ts  were c a r r i e d  ou t to  f i x  t h i s  
p o i n t .  In  one c a se ,  a f t e r  e q u i l ib r iu m  had been a t t a i n e d  and 
a sample o f  th e  s o l u t i o n  a n a ly se d ,  a  q u a n t i ty  o f  l i t h iu m  s u l ­
p h a te  m onohydrate  was added to  the  m ix tu re ,  and s t i r r i n g  con­
t in u e d  f o r  t h r e e  a d d i t i o n a l  days. A sample o f  th e  s o lu t io n  
was ta k e n  and  a n a ly s e d ,  and, a s  i t  had th e  same com position  
a s  b e f o r e ,  shewed t h a t  l i t h i u m  su lp h a te  monohydrate was 
p r e s e n t  i n  th e  s o l i d  p h a se .
In  t h e  o th e r  ex p erim en t,  some f r e s h l y  p rep a red  aluminium
95.
s u lp h a te  h y d r a te  was added , a f t e r  e q u i l ib r iu m  had been o b ta in e d ,  
and a  sample o f  th e  s o l u t i o n  a n a ly s e d ,  and s t i r r i n g  co n tin u ed  
f o r  t h r e e  t o  fo u r  a d d i t i o n a l  days . The s o l u t i o n  was th e n  
a g a in  a n a ly s e d ,  and a s  i t  had th e  same co m p o s it io n  as  fo rm e r ly ,  
i t  may be conc lud ed  t h a t  th e  aluminium s u lp h a te  h y d ra te  was i n  
th e  s o l i d  p h ase .
The c o m p o s it io n  of th e  s o l u t i o n  i n  the  above ease  was th e  
same, th u s  i t  can  be concluded t h a t  the  s o l i d  phase o o n s i s te d  
of Alg(SO^)g 18 HgO and DigSO^ HgO.
A n a ly s is  o f  th e  s o l i d  phases  o f  th e  c u rv es  on each s id e  
o f  t h i s  p o in t  shewed them t o  be LigSC^HgO and Al2 ( 18 HgO 
r e s p e c t i v e l y .
R e s u l t s .
The r e s u l t s  o b ta in e d  fo r  the system  a t  0° C are. shewn i n  
Table 15, and T able  16 shews th e  r e s u l t s  ob ta in ed  by 
S chre inem akers  and De Waal (47) e x p re sse d  i n  a  form s u i t a b l e  
f o r  com parison  w ith  th e  o th e r  r e s u l t s .  f i g u r e  26 shews 
g rap h s  o f  th e s e  d e te r m in a t io n s .
D is c u s s i on of  Re s u l t s .
The a d d i t i o n  of aluminium s u lp h a te  to  a s a t u r a t e d  s o l u t i o n  
o f  l i t h i u m  s u lp h a te  a t  e i t h e r  0° C or 30° C p roduces a d e c rea se  
i n  th e  s o l u b i l i t y  o f  the  l i th iu m  s u lp h a te ,  and v ic e  v e r s a .
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TABLE 15.
System  L i 2 S0 4  -  A l2 (S 0 4 )g -  H2 O a t  0° 0.
Mols I d 2 S04  Mols A l2 ( 8 0 4 ) 3  
p e r  lOOOg H2 0 p e r  lOOOg H2Q
S o l id  Phase
3 27 
3 024 


















(A12 (S04 ) 3  18 H2 0 
AJs ( 8 0 4 )3 18 HgO
TABLE 16.
The System  LigSQ4  -  A12 (S04 ) 3  -  H20 a t  30° C. 
Sohre inem akers  and Be Waal. (47)
Compo s i t i o n  o f  S o ln t io n
$
L i 2 S04  A lg (S04 ) 3  p e r  lOOOg p e r  lOOOg
Mols Mols
L i 2 S 0 4  A lg(S 0 4 ) 3
HgO HgO
S o lid  Phase
25*1 0 3*046 0 * 0 0 l i 2 S04  H20
21*93 5*34 2*738 0*215 «
16*10 14*89 2 * 1 2 0*631 If
13 * 63 20*76 1 * 8 8 0*925 (L i2 S04  H2 0 
(A12 (S04 ) 3  18 H20
13*24 21*71 1*84 0*952 Li2 S04  4 HgO
11*73 22*08 1*606 0*976 Al2(S0 4 ) 3  18 H20
6-75 24*34 0*89 1*031 n
3*44 26*12 0 * 444 1*083 n
0 * 0 0 28*0 0 * 0 0 1*137 it

IThe c u rv e s  o b ta in e d  (F ig u re  26) a re  o f  the  type descr ib ed  
on  page 18 and shevm in  F igure  2, and c o n s i s t  of. two branches 
o n l y .  One b ranch  shews the  com position  o f  s o lu t io n  c o n ta in ­
in g  v a r y in g  p r o p o r t io n s  o f  aluminium su lp h a te ,  and l i th iu m  s u l ­
p h a te  i n  e q u i l ib r iu m  w ith  l i th iu m  su lpha te  monohydrate, a t  the  
te m p e r a tu re  o f  th e  iso therm ; the  o th e r  .shews the  com positions 
o f  a  s o l u t i o n  c o n ta in in g  va ry ing  p ro p o r t io n s  o f the  two s a l t s  
i n  e q u i l i b r iu m  w ith  Alg.(’S0 ^)g  18 H^O.
L ith iu m  alum i s  n o t  formed a t  e i t h e r  tem pera tu re .
A p o i n t  o f  i n t e r e s t  in  t h i s  system i s  the  decrease  in  the 
i n i t i a l  s o l u b i l i t y  o f  the  l i th iu m  su lp h a te ,  with inc rease  in  
t e m p e r a tu r e .  In  t h i s  r e s p e c t  l i th iu m  su lpha te  i s  opposite  to 
t h e  o t h e r  s u lp h a te s  o f  the  s e r i e s ,  which a l l  shew an in c rease  
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GENERAL DISCUSSIOH OF RESULTS.
Range o f  F o rm a tio n  o f  th e  Alums.
F ig u r e s  27 and 28 shew d ia g r a m m a t ic a l ly  th e  r a n g e s  o f  
f o r m a t io n  o f  t h e  a lum s a t  0° C and 25° C.
I t  w i l l  he o b se rv e d  t h a t  th e  o r d e r  o f  d e c r e a s in g  ra n g e
a t  25° C i s  K, T l,  (NB^.) and Ha, w h i l s t  a t  0° C th e  o r d e r  i s
T l,  K, HH^ and Ha.
The o r d e r  o f  th e  l i m i t s  o f  f o rm a t io n  a t  250 C does  n o t  
a g re e  w i th  th e  o r d e r  o f  th e  d e g re e s  o f  d i s s o c i a t i o n  shewn i n  
F ig u re  1 ; t h a t ,  how ever, a t  0° C i s  th e  same. T h is  change 
i n  o r d e r  may he a s s o c i a t e d  w i th  th e  change i n  th e  d i e l e c t r i c  
c o n s t a n t  o f  th e  medium.
L ith iu m  d oes  n o t  form an  alum a t  e i t h e r  0° C o r  30° C.
Form o f  th e  S o l u b i l i t y  I s o th e rm s .
Branch o f  th e  I so th e rm  where R2 SO4  i s  S o l id  P h a se .
R = L i ,  Ha, NH4 , K, o r  T l.
T his  p a r t  o f  th e  c u rv e  e x i s t e d  i n  two fo rm s, shewn i n  
F ig u re  2 9 .
The c u rv e  PUQ ( a )  F ig u re  29 i s  th e  ty p e  shewn by sodium,
100 .
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p o ta s s iu m ,  and t h a l l i u m  s u l p h a t e s ,  w h i l s t  th e  s u l p h a t e s  o f  
ammonium and  l i t h i u m  gave c u rv e s  o f  th e  ty p e  P 1 QT, (h )
F ig u re  2 9 .
I t  was o b se rv e d  t h a t  c u rv e s  f o r  and TI2 SO4  c a l c u ­
l a t e d  on t h e  b a s i s  o f  t h e  Debye t h e o r y  were o f  th e  form  
P UTQ ( a )  F ig u re  2 7 , i . e .  convex upw ards, w h i l s t  t h e  e x p e r i ­
m en ta l  c u r v e s  were concave upw ards. There a r e  s e v e r a l  p o s ­
s i b l e  e x p la n a t i o n s  f o r  t h i s  d i s c r e p a n c y ,  th e  most p ro b a b le  
b e in g
( 1 ) change i n  v a lu e  o f  *aT, due to  i n c r e a s e d
c o n c e n t r a t i o n ;
( 2 ) h y d r a t i o n  o f  io n s  w ith  i n c r e a s e  in
c o n e e n t r a t i o n
( 3 )  fo rm a t io n  o f  io n ic  com plexes .
In  c a l c u l a t i n g  th e  c u rv e s ,  a  mean v a lu e  f o r  k , -  th e  
l i m i t i n g  d i s t a n c e  betw een th e  io n s ,  -  was t a k e n ,  b a s e d  on 
e x p e r im e n ta l  v a l u e s .  Now, a s  th e  c o n c e n t r a t i o n s  i n c r e a s e  
t h e r e  w i l l  be in c r e a s e d  i n t e r i o n i c  e f f e c t  and c o n se q u e n t  
change i n  th e  v a lu e  o f  Ta T. T h is  change i s  v a lu e  i s  n o t  
a l lo w e d  f o r  i n  th e  c a l c u l a t i o n s ,  and i t  i s  p o s s i b l e  t h a t  th e  
d i s c r e p a n c y  may be due to  t h i s  f a c t o r .
The h y d r a t i o n s  o f  th e  io n s  w ith  i n c r e a s e  i n  c o n c e n t r a t i o n  
w i l l  have  an  in f lu e n c e  on th e  shape o f  th e  c u rv e ,  b u t  s in c e  
th e  change i n  c o n c e n t r a t i o n s  i s  n o t  v e ry  g r e a t  i n  t h e s e  p a r ­
t i c u l a r  c u rv e s  t h i s  f a c t o r  w i l l  n o t  be v e ry  g r e a t .  I t  . i s
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w orth  n o t in g  h e re  t h a t  t h e r e  w i l l  p r o b a b ly  be s o l v a t i o n  o f  th e  
io n s  to  some e x t e n t .  The work o f  K e n d a l l  ( 2 )  shews t h a t  i n t e r ­
a c t i o n  be tw een  th e  s o l u t e  and s o lv e n t  i s  v e ry  p r o b a b l e .  W ater 
i s  such  a  v e ry  p o w e rfu l  d ip o le  t h a t  i t  i s  d i f f i c u l t  to  con ­
c e iv e  th e  s o l u t e  io n s  e n t i r e l y  f r e e .
I n  h i s  p a p e r s  (2 6 )  (2 7 )  w h i l s t  p o s t u l a t i n g  co m p le te  d i s -  
. s o c i a t i o n ,  Debye a d m i ts  th e  p r o b a b i l i t y  o f  th e  f o r m a t io n  o f  
io n s  o f  th e  ty p e  o f  'Ha SO4 , fK SO4 , e t c . ,  and i t  i s  p o s s i b l e  
t h a t  t h e s e  io n s  a r e  form ed a s  th e  c o n c e n t r a t i o n  o f  th e  a lu m in ­
ium s u lp h a te  i n c r e a s e s  r e l a t i v e  to  th e  c o n c e n t r a t i o n  o f  th e  
a l k a l i  s u l p h a t e .  Such a  fo rm a t io n  would c e r t a i n l y  c a u se  th e  
form  o f  th e  s o l u b i l i t y  i s o th e rm  to  be concave u pw ards .
In  c o n s i d e r i n g  th e  f o rm a t io n  o f  com plex io n s ,  th e  fo rm a­
t i o n  o f  do ub le  s a l t  io n s  i n  s o l u t i o n  must a l s o  be c o n s i d e r e d .  
W ith i n c r e a s e  i n  c o n c e n t r a t i o n  o f  th e  a lum inium  s u l p h a t e ,  th e  
p r o b a b i l i t y  o f  t h e  o r i e n t a t i o n  o f  th e  l i k e  and  th e  u n l ik e  io n s ,  
a t  any i n s t a n t ,  b e in g  t h a t  p e c u l i a r  to  th e  do u b le  s a l t ,  w i l l  
become g r e a t ,  and  p ro b a b ly  g r e a t e r  th a n  th e  e f f e c t  o f  h y d r a ­
t i o n ,  and th e  p r o b a b i l i t y  o f  io n ic  com plexes o f  the. t y p e ‘Ha SO4 , 
e t c . ,  b e in g  form ed, w i l l  become sm a ll  i n  co m p a r iso n .  Such an  
a s su m p t io n  would e x p la in  th e  v e ry  s te e p  g r a d i e n t  o f  t h e  c u rv e s  
n e a r  t h e  t r i p l e  p o i n t .
The shape o f  th e  c u r v e s , t h e r e f o r e ,  a d m its  o f  th e  p o s s i ­
b i l i t y  o f  io n ic  com plexes, in c lu d in g  doub le  s a l t  i o n s ,  b e in g
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form ed i n  s o l u t i o n .
With r e f e r e n c e  to  c u rv e s  o f  t h e  ty p e  P r Q ( b )  F ig u re  29 , 
e . g .  a s  o b t a in e d  w i th  ammonium and l i t h i u m  s u l p h a t e s ,  th e  
t h e o r e t i c a l  c u rv e s  a r e  o f  t h e  form shewn by th e  d o t t e d  l i n e  
i n  (b )  F ig u r e  29 (S eh& rer, 2 5 ) .  The t h e o r e t i c a l  c u rv e s  were 
n o t  c a l c u l a t e d  i n  th e  above c a s e s ,  f o r  r e a s o n s  p r e v i o u s l y  
g iv e n .  The f a c t  t h a t  th e  e x p e r im e n ta l  c u rv e s  have  a  d i f f e r ­
e n t  s lo p e ,  how ever, may be due to  th e  same f a c t o r s  t h a t  p ro d u ce  
t h e  d i s c r e p a n c y  be tw een  th e  e x p e r im e n ta l  and t h e o r e t i c a l  c u rv e s  
o f  th e  ty p e  shewn i n  F ig u re  29 ( a ) .
L i th iu m  s u lp h a te  g iv e s  a  c u rv e  concave  downwards o f  th e  
fo rm  i n d i c a t e d  by th e  t h e o r e t i c a l  e q u a t io n s ,  s u g g e s t in g  l i t t l e  
com plex io n  fo r m a t io n .
Branch o f  th e  I so th e rm s  where A lg ( 5 0 4 ) 3  18 H9 O i s  th e  s o l i d  
P h a s e .
I n  a l l  c a s e s  e x c e p t  l i t h i u m  s u lp h a te  th e  a d d i t i o n  o f  th e  
a l k a l i  s u lp h a te  p ro d u ced  an i n c r e a s e  i n - t h e  c o n c e n t r a t i o n  o f  
t h e  a lum in ium  s u l p h a t e .  C o n seq u en tly ,  th e  a rg u m e n ts  a p p l i e d  
t o  c u r v e s  o f  th e  ty p e  ( a )  F ig u re  29 , may be a p p l i e d  i n  t h i s  
c a s e .
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Branch o f  th e  Iso th erm s where th e  S o l id  P h ase i s
R2 S04 A12 (S 0 4 ) 3  24 H20 : R = Ha, K, NH4 , o r  T l .
The c e n t r a l  b ra n c h e s  o f  t h e  s o l u b i l i t y  i s o th e r m s  i n  th e  
above c a s e s  where doub le  s a l t  was th e  s o l i d  p h a se  c o n s i s t e d  
o f  t h r e e  t y p e s ,  shewn i n  F ig u re  30.
To th e  ty p e (A )  b e lo n g s  sodium a lum . From Q, a t  which 
a l k a l i  s u l p h a te  e x i s t s  i n  th e  s o l i d  p h a se  to  S where a lum in ium  
s u lp h a te  ih  in  the s o l i d  p h a s e ,  t h e r e  i s  a  d e c r e a s e  i n  c o n c e n t r a ­
t i o n  o f  t h e  a l k a l i  s u lp h a te  w ith  i n c r e a s e  o f  a lum in ium  su lp h a te .
P o ta s s iu m  alum b e lo n g s  to  th e  ty p e  (B ) .  The p o r t i o n  from  
Q, to  R where th e  d oub le  s a l t  c u rv e  c u t s  th e  e q u im o la r  l i n e ,  
shews a  d e c r e a s e  i n  c o n c e n t r a t i o n  o f  t h e  a l k a l i  s u lp h a te  w ith  
i n c r e a s e  i n  c o n c e n t r a t i o n  o f  a lum inium  s u l p h a t e .  The p o r t i o n  
o f  th e  c u rv e  RS, however, f o r  th e  most p a r t  shews an  i n c r e a s e  
i n  th e  c o n c e n t r a t i o n  o f  th e  a l k a l i ,  s u lp h a te  w ith  i n c r e a s e  i n  
c o n c e n t r a t i o n  o f  a lum inium  s u l p h a te .
Ammonium and  t h a l l i u m  alum s g iv e  c u rv e s  o f  th e  ty p e  (C-),
w here , from ,Q to  n e a r  R, t h e r e  i s  a d e c r e a s e  i n  c o n c e n t r a t i o n
o f  th e  a l k a l i  s u lp h a te  a lo n g  w ith  a  d e c r e a s e  i n  c o n c e n t r a t i o n
o f  th e  a lum inium  s u l p h a te ,  a s  a l lo w e d  by t h e  a c t i v i t y  t h e o r y .
The p o r t i o n  R S o f  th e  c u rv e  i s  s i m i l a r  to  th e  a n a lo g o u s  p a r t  
o f  t h e  c u rv e  in  (B ) .
The i n d e n t a t i o n  o f  t h e  e x p e r im e n ta l  c u rv e s  o f  th e  typ e
1 0 4 .
(C) ro u n d  a b o u t  th e  p o i n t  fR f , i s  p r o b a b ly  due to  t h e  i n c r e a s e d  
i o n ic  e f f e c t s  o f  t h e  i o n s  o f  th e  one s a l t  on th e  o t h e r ,  a s  th e  
c o n c e n t r a t i o n  o f  th e  s a l t s  ap p ro a ch  e q u a l i t y .  Hear t h e  p o in t  
’QT th e  i n f lu e n c e  o f  th e  a lum inium  io n s  on th e  a l k a l i  s u lp h a te  
i o n s  w i l l  be n e g l i g i b l e  compared w i th  th e  i n f lu e n c e  o f  th e  
a l k a l i  s u lp h a te  io n s  on th e  a lum inium  i o n s ,  s in c e  t h e  co n cen ­
t r a t i o n  o f  th e  a l k a l i  s a l t  i o n s  ( e . g .  i n  th e  c a s e  o f  ammonium 
and p o ta s s iu m  a lum s) i s  v e r y  much g r e a t e r .  The i n f l u e n c e  o f  
t h e  a lum in ium  s u lp h a te  io n s  w i l l  become a p p r e c i a b l e  a s  R i s  
a p p ro a c h e d .
The form  o f  cu rv e  (C) F ig u re  30, i s  t h a t  r e q u i r e d  a c c o rd ­
in g  to  e q u a t io n  16 , b a sed  on th e  a s su m p t io n  o f  co m p le te  d i s s o ­
c i a t i o n .  We have th e n  to  f i n d  th e  c au se  o f  t h e  f o r m a t io n  o f  
t h e  c u rv e s  o f  th e  ty p e s  (A) and  (B ) .
An e x p la n a t io n  o f  th e  d i s c r e p a n c y  h a s  a l r e a d y  b een  su g ­
g e s t e d  on p a g e s  38, 69, b u t  i n  a d d i t i o n  to  t h i s  f a c t o r ,  s in c e  
t h e  p o s s i b i l i t y  o f  complex io n  and d oub le  s a l t  f o rm a t io n  i n  
s o l u t i o n  i s  a d m i t te d ,  where th e  s o l i d  p h a se  i s  one o f  th e  com­
p o n e n t  s a l t s ,  such f o rm a t io n  must be c o n s id e r e d  h e r e ,  a lo n g  
w i th  th e  p o s s i b i l i t i e s  o f  h y d r a t io n  and change o f  v a lu e  o f  a ,  
due to  change  i n  i n t e r i o n i c  e f f e c t s  w i th  v a r i a t i o n  o f  t h e  t o t a l  
c o n e e n t r a t i o n s .
Change in  th e  v a lu e  o f  a ,  w i th  c o n c e n t r a t i o n ,  would adm it 
o f  t h e  c u rv e s  o f  th e  ty p e  A.
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D i f f e r e n t  d e g re e s  o f  s o l v a t i o n  o f  t h e  io n s  w i th  d i f f e r ­
e n t  c o n c e n t r a t i o n s  must a l s o  i n f lu e n c e  th e  shape o f  th e  c u r v e s .
The f o r m a t io n  o f  complex and d o u b le  s a l t  i o n s  in  s o l u t i o n  
would a c c o u n t  f o r  th e  s lo p e  o f  th e  p a r t  Q R o f  t h e 'c u r v e s  i n  
F ig u re  30 A and B b e in g  o u tw a rd s ,  i n s t e a d  o f  in w a rd s ,  and from 
o u r  p r e v io u s  r e a s o n in g ,  we would lo o k  f o r  Q R to  have  a  g r e a t e r  
ou tw ard  s lo p e  i n  t h e s e  i s o th e rm s  where t h e  g r a d i e n t  o f  t h e  
b ra n c h  P Q where th e  a l k a l i  s u lp h a te  i s  s o l i d  p h a s e ,  became 
v e r y  g r e a t  n e a r  Q. Thus i n  th e  i s o th e rm s  a t  25° C f o r  sodium 
and  p o ta s s iu m ,  s u l p h a t e s ,  where th e  g r a d i e n t s  o f  t h e  c u rv e s  
a p p ro a ch  i n f i n i t y  n e a r  th e  t r i p l e  p o i n t  Q, one would l o o k  f o r  
t h e  s lo p e  o f  Q R to  be o u tw a rd s ,  a s  i s  th e  c a s e .  S i m i l a r l y ,  
i f  t h e  b ra n c h  o f  t h e  i s o th e r m s  where a lum inium  s u lp h a te  i s  th e  
s o l i d  p h a s e ,  shewed an  i n f i n i t e l y  g r e a t  g r a d i e n t  n e a r  S, one 
would e x p e c t  t h a t  th e  p o r t i o n  S R would shew an  i n c r e a s e  i n  
c o n c e n t r a t i o n  o f  a l k a l i  s u lp h a te ,  w i th  d e c re a s e  i n  c o n c e n t r a ­
t i o n  o f  a lum inium  s u l p h a t e .  T h is  i s  bo rne  o u t  to  some e x t e n t  
i n  th e  c a se  o f  th e  system  Na^CSO^} -  AlgCSO^)^ -  H^O a t  25° C.
From th e  fo r e g o in g  i t  would a p p e a r  p ro b a b le  t h a t  th e  a lum s 
o f  sodium and p o ta s s iu m  a re  n o t  c o m p le te ly  d i s s o c i a t e d  i n  s o l u ­
t i o n .
I n  th e  c a se  o f  t h e  i s o th e rm s  o f  th e  alum s o f  ammonium and 
t h a l l i u m  which c o r re s p o n d  to  th e  ty p e s  ( 6 ) F ig u re  27 , th e  same 
a rg u m e n ts  u sed  above can  be a p p l i e d .  Thus s in c e  i n  th e  c a se
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o f  ammonium alum th e  i s o th e r m  i s  o f  th e  form r e q u i r e d  on th e  
a s su m p tio n  o f  com p le te  d i s s o c i a t i o n ,  and th e  e x p e r im e n ta l  and 
t h e o r e t i c a l  v a lu e s  a g re e  c l o s e l y ,  i t  i s  p ro b a b le  t h a t  ammonium 
alum i n  s o l u t i o n  i s  p r a c t i c a l l y  c o m p le te ly  d i s s o c i a t e d .  On 
th e  o th e r  h an d , w h i l s t  th e  form o f  the  t h a l l i u m  alum cu rv e  i s  
t h a t  r e q u i r e d  by th e  t h e o r e t i c a l  e q u a t io n ,  th e  e x p e r im e n ta l  
and t h e o r e t i c a l  v a lu e s  can  be made a g re e  o n ly  w i t h in  c e r t a i n  
l i m i t s ,  p a r t i c u l a r l y  on th e  p a r t  R S o f  th e  c u rv e s .  These 
l i m i t a t i o n s  may w e l l  be due t o  th e  f a c t  t h a t  th e  e q u a t io n  does 
n o t  ta k e  i n t o  a c c o u n t  th e  change i n  v a lu e  o f  a  w i th  change i n  
c o n c e n t r a t i o n .  A lso ,  th e  v a r i a t i o n  o f  th e  d e g re e  o f  h y d r a t i o n  
o f  th e  io n s  w ith  c o n c e n t r a t i o n  may be an  im p o r ta n t  f a c t o r .  The 
combined e f f e c t s  due t o  th e  change i n  c o n c e n t r a t i o n  would 
a cc o u n t  f o r  th e  d iv e rg e n c e  o f  t h e  e x p e r im e n ta l  v a lu e s  from  th e  
t h e o r e t i c a l .  I t  i s  u n l i k e l y  t h a t  i o n i c  complexes a r e  form ed 
t o  any g r e a t  e x te n t  i n  t h i s  c a s e ,  th oug h , o f  c o u r s e ,  th e  
p o s s i b i l i t y  o f  t h e i r  fo rm a t io n  i s  n o t  e l im in a te d .
The Be a r i n g o f  t h e  R e s u l t s  on th e  T h e o r ie s  o f  Doub le  Sal t  
F o rm ation .
The th e o r y  dev elo ped  by Oaven and h i s  co -w orkers  a c c o u n ts ,  
i n  a  g e n e r a l  way, f o r  th e  r e s u l t s .  M o d i f i c a t io n  i s ,  how ever,
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n e c e s s a r y  to  e x p la in  th e  shape o f  th e  is o th e r m s .
The c o n te n t i o n  t h a t  th e  te n d e n c y  f o r  d o u b le  s a l t  f o r m a t io n  
be tw een  s i n g l e  s a l t s  i s  a  f u n c t i o n  o f  th e  d i f f e r e n c e  i n  th e  
d e g re e  o f  b a s i c i t y  be tw een  th e  c a t i o n s  i s  b o rn e  o u t  by th e  
o r d e r  o f  r a n g e s  o f  f o rm a t io n  o f  th e  alum s a t  0° C b u t  n o t  a t  
25°  C.
I t  i s  shewn t h a t  i n c r e a s e  i n  t h e  s o l u b i l i t y  o f  one com­
pound w i th  th e  a d d i t i o n  o f  t h e  o t h e r ,  may n o t  be due to  com plex 
i o n  fo r m a t io n .  The change i n  g r a d i e n t  o f  t h e  s o l u b i l i t y  
i s o th e r m  i s  th e  main i n d i c a t i o n  o f  such  c o m b in a t io n ,  and th e  
r e s u l t s  o b ta in e d ,  w h i l s t  th e y  by no mean& p ro v e  t h a t  com plex 
i o n  fo rm a t io n  does ta k e  p l a c e ,  ad m it  o f  t h e  p o s s i b i l i t y .
H y d ra t io n  o f  th e  io n s  i n  s o l u t i o n  must a l s o  be c o n s id e r e d
t o  i n f lu e n c e  th e  shape o f  t h e  c u r v e s .
I t  i s  su g g e s te d  t h a t  th e  s e p a r a t i o n  o f  d o u b le  s a l t  from
s o l u t i o n  i s  a  f u n c t i o n  o f  t h e  p r o b a b i l i t y  o f  t h e  io n s  b e in g  i n
a  c e r t a i n  c o n f i g u r a t i o n  a t  any i n s t a n t .  C o n s id e r ,  f o r  exam­
p l e ,  a  s a t u r a t e d  s o l u t i o n  o f  a  s a l t  AB a t  a  c e r t a i n  t e m p e r a tu r e ,
I'tl bi*/urrj u>iih &ohcC
T here w i l l  be a c e r t a i n  m agnitude  o f  t h e  p r o b a b i l i t y  o f  th e  io n s  
A and  B a t  any i n s t a n t  b e in g  t h a t  o f  AB. Now i f  AfB i s  added 
t o  th e  s o l u t i o n  o th e r  p r o b a b i l i t i e s  must a l s o  be c o n s id e r e d ,  
e . g .  th o s e  o f  th e  c o n f i g u r a t i o n  o f  th e  io n s  b e in g  AB ArB and 
A fB. As th e  c o n c e n t r a t i o n  o f  A'B i s  i n c r e a s e d  th e  p r o b a b i l i t y  
o f  th e  c o n f i g u r a t i o n  o f  th e  io n s  a t  any  i n s t a n t  b e in g  ABATB and
108»
A'B must a l s o  i n c r e a s e ,  and w h ic h ev e r  p r o b a b i l i t y  i s  g r e a t e r  
w i l l  d e te rm in e  which s a l t  o r  s a l t s  c o n s t i t u t e  th e  s o l i d  phase  
Thus doub le  s a l t  w i l l  s e p a r a t e  from s o l u t i o n  when th e  p ro b a ­
b i l i t y  o f  th e  c o n f i g u r a t i o n  o f  th e  io n s  b e in g  t h a t  o f  AB A'B 
i s  th e  g r e a t e s t .
When th e  s a l t s  o r  doub le  s a l t  a re  h y d ra te d  th e  same a rg u  
ment w i l l ,  o f  c o u rs e ,  a p p ly ;  i t  b e in g  assumed t h a t  i n  t h i s  
c a se  th e  w a te r  m o le cu le s  o r  io n s  ta k e  up d e f i n i t e  p o s i t i o n s  
r e l a t i v e  t o  th e  o th e r  io n s  j u s t  p r e v io u s  t o  th e  p r e c i p i t a t i o n  
o f  th e  s a l t ,  or double  s a l t .
The f a c t o r s  most l i k e l y  to  in f lu e n c e  th e  p r o b a b i l i t y  o f  
th e  io n s  assum ing  c e r t a i n  c o n f i g u r a t i o n s  a r e  th e  s i z e  and 
v a le n c y  o f  the  i o n s ,  and the  d i e l e c t r i c  c o n s t a n t  and te m p e ra ­
t u r e  o f  th e  s o l v e n t ;  and s in c e  i t  i s  th e  m agn itude  o f  t h i s  
p r o b a b i l i t y  which d e te rm in e s  the  s o l u b i l i t y  o f  t h e  s a l t s ,  i t  
may be s a id  t h a t  double  s a l t  fo rm a t io n  i s  a  f u n c t i o n  o f  th e  
s o l u b i l i t y  o f  th e  doub le  s a l t  and o f  i t s  component s a l t s .
I t  h a s  been  p o in te d  ou t i n  the  c ase  o f  th e  alums t h a t  
d i r e c t  a n a l y t i c a l  t e s t s  do n o t  i n d i c a t e  th e  p re s e n c e  o f  oom- 
p l e x  io n s  i n  s o l u t i o n .  . T h is  i s  e v id en ce  i n  su p p o r t  o f  th e  
above c o n c e p t io n  o f  complex io n  fo rm a t io n  i n  w hich  th e  io n s  
o f  the  component s a l t s  would s t i l l  shew t h e i r  i n d i v i d u a l i t y  
i n  a n a l y t i c a l  t e s t s .
APPENDIX,
Methods o f  A n a ly s i s .
D e te rm in a t io n  o f  T o ta l  S u lp h a te .
T o ta l  s u lp h a te  was d e te rm in e d  by p r e c i p i t a t i o n  a s  ba rium  
s u l p h a t e .
The p ro c e d u re  a d o p te d  was to  d i l u t e  an  a l i q u o t  p o r t i o n  o f  
t h e  s o l u t i o n  to  be a n a ly s e d ,  to  a  volume o f  a b o u t  500 c c s ,  and 
to  add to  t h i s  s o l u t i o n  a b o u t  5 c c s  o f  36 ^  h y d r o c h lo r i c  a c i d .  
The a c i d  m ix tu re  was th e n  h e a te d  to  b o i l i n g ,  and th e  s u lp h a te  
p r e c i p i t a t e d  by add ing  v e ry  s lo w ly  an  a p p ro x im a te ly  N/ 5  s o l u ­
t i o n  o f  barium  c h l o r i d e  i n  v e ry  s l i g h t  e x c e s s .  The b e a k e r  
c o n ta in i n g  th e  m ix tu re  was th e n  p la c e d  on a h o t  p l a t e ,  u n t i l  
t h e  p r e c i p i t a t e  s e t t l e d .  The s u p e r n a ta n t  l i q u o r  was th e n  
po u red  th ro u g h  a Sw iss f i l t e r  p a p e r ,  and th e  p r e c i p i t a t e  
washed from  th e  b e a k e r  i n t o  th e  f i l t e r  p a p e r  by means o f  a  
wash b o t t l e ,  u s in g  h o t  w a te r .
The p r e c i p i t a t e ,  a f t e r  w ashing th o r o u g h ly  w i th  h o t  w a te r ,
was i g n i t e d  i n  a  t a r e d  s i l i c a  c r u c i b l e  o v e r  a  bunsen  f la m e ,  
and  w eighed .
There was no r e d u c t io n  o f  s u lp h a te  by th e  above method 
o f  i g n i t i o n ,  a s  a f t e r - t r e a t m e n t  w ith  s u lp h u r i c  a c i d  f a i l e d  to
1 .
p ro d u ce  a  d i f f e r e n c e .
The w e ig h t  o f  s o l u t i o n  t a k e n  f o r  a n a l y s i s  was such  a s  
would g iv e  a  p r e c i p i t a t e  o f  b a riu m  s u lp h a te  o f  w e ig h t  0 .5 g  
to  l .O g .
D u p l i c a te  a n a l y s i s  were c a r r i e d  o u t  i n  a l l  c a s e s .  The 
maximum d i f f e r e n c e  be tw een  th e  w e ig h ts  o f  b a r iu m  s u lp h a te  
o b t a i n e d  i n  d u p l i c a t e  e x p e r im e n ts  was o f  th e  o r d e r  o f  0 . 2  $>,
D e te r m in a t io n  o f  Aluminium.
E x cep t i n  t h e  c a se  o f  th e  sy s tem  -  SO^ AlgCSO^jg
-HgO , d e te r m in a t io n  o f  a lum in ium  was c a r r i e d  o u t  by t i t r a t i o n  
w i th  sodium h y d ro x id e  s o l u t i o n  u s in g  p h e n o l  p h t h a l e i n  a s  
i n d i c a t o r ,  a s  d e s c r i b e d  by B r i t t o n  ( 3 8 ) .
The p ro c e d u re  a d o p te d  was a s  fo l lo w s
An a l i q u o t  p o r t i o n  o f  th e  s o l u t i o n  to  be a n a ly s e d  c o n t a i n ­
in g  from  .05g  to  0 .1 2 g  o f  a lum inium  s u lp h a te  was d i l u t e d  to  
1 0 0  c c s ,  and t i t r a t e d  w h ile  b o i l i n g  w i th  N/ 1 0  sodium h y d ro x id e  
s o l u t i o n ,  u s in g  p h e n o lp h th a le in  a s  i n d i c a t o r .
D u p l ic a te  r e s u l t s  o b ta in e d  w i th  t h i s  method a g re e d  w i t h i n  
a  maximum p e rc e n ta g e  e r r o r  o f  0 . 2 ^ .
The p re s e n c e  o f  sodium s u l p h a te ,  p o ta s s iu m  s u l p h a t e ,  t h a l ­
l iu m  s u l p h a te ,  and  l i t h i u m  s u lp h a te  d id  n o t  e f f e c t  th e  a c c u ra c y  
o f  t h e  d e te r m in a t io n .
The above d e te r m in a t io n  can  be c a r r i e d  o u t  i n  p re s e n c e  o f
2 .
e x c e s s  ba rium  c h l o r i d e  ( 5 0 ) ,  b u t  a s  found  by  T in g le  (5 1 )  
s a t i s f a c t o r y  r e s u l t s  were o b ta in e d  e i t h e r  w i th  o r  w i th o u t  
ba rium  c h l o r i d e .
I f  th e  s o l u t i o n s  c o n ta in e d  more th a n  0 .12  g a lum in ium  
s u l p h a t e ,  th e  end p o i n t  became masked by th e  a lum in ium  
h y d ro x id e  p r e c i p i t a t e d .
D e te rm in a t io n  o f  Ammonium S u lp h a te .
In  s o l u t i o n s  o f  th e  sys tem  (NH^Jg SO4  -  Alg( 3 0 4 ) 3  -  HgO 
t h e  ammonium s u lp h a te  c o n te n t  was d e te rm in e d  by th e  w e l l  known 
d i s t i l l a t i o n  m ethod.
An a l i q u o t  p o r t i o n  o f  th e  s o l u t i o n  to  be a n a ly s e d  was 
t r e a t e d  w i th  e x c e s s  o f  sodium h y d ro x id e  s o l u t i o n ,  and th e  
l i b e r a t e d  ammonia, a b so rb e d  i n  an  e x c e s s  o f  s t a n d a r d  s u lp h u r i c  
a c i d  s o l u t i o n .  The e x c e s s  o f  s u lp h u r ic  a c i d  was t h e n  d e t e r ­
m ined by t i t r a t i o n  w i th  s t a n d a r d  sodium h y d ro x id e  s o l u t i o n  
u s i n g  m ethy l r e d  a s  i n d i c a t o r ,  and th e  ammonia l i b e r a t e d  c a l ­
c u l a t e d .
D e r iv a t io n  o f  e q u a t io n  f o r  A c t i v i t y  C o e f f i c i e n t .
The e q u a t io n  f o r  t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  i ^ * 1 
s o r t  o f  io n  i n  a  s o l u t i o n  h a s  been  d e v e lo p e d  on th e  Debye 
t h e o r y  o f  t h e  s o l u b i l i t y  o f  e l e c t r o l y t e s  by  Seh& rer (2 5 )  
somewhat a s  f o l lo w s :
I t  i s  g e n e r a l l y  e s t a b l i s h e d  t h a t  t h e  p r o p e r t i e s  o f  a  
s o l u t i o n  may be p r e d i c t e d  i f  th e  f r e e  e n e rg y  -  e x p re s s e d  i n  
s u i t a b l e  v a r i a b l e s  -  o f  t h a t  s o l u t i o n  i s  known.
However, i n s t e a d  o f  th e  f r e e  e n e rg y ,  i t  i s  c o n v e n ie n t  
t o  u se  th e  iher mo dynam ica l p o t e n t i a l  0  o f  H e lm ho ltz  where
0  = U -  IS t  p V.
i n  which U -  th e  e n e rg y ,  T th e  a b s o l u t e  t e m p e r a tu re ,  S th e
e n t r o p y ,  p th e  p r e s s u r e ,  and V th e  volum e. The p h y s i c a l
s i g n i f i c a n c e  o f  t h i s  i s  s i m i l a r  to  t h a t  o f  t h e  f r e e  e n e rg y ,  
a s  w i l l  be seen  from th e  f o l lo w in g  d e l i b e r a t i o n .
From th e  f i r s t  law  o f  therm odynam ics 
dU as S d  i~ 8 A . 
w here SQ i s  th e  h e a t  added , and SA i s  t h e  work done d u r in g  
a  r e v e r s i b l e  ch an g e .  I f  8 A i s  s p l i t  i n to  two p a r t s ,  § A 1 = 
-pdV a g a i n s t  th e  e x t e r n a l  p r e s s u r e  and th e  re m a in d e r  te rm ed  
8 a t i ;  th e n  f o r  a  change which t a k e s  p l a c e  a t  c o n s t a n t  
t e m p e ra tu re  and p r e s s u r e
d 0 r  d ( U - ' T S > p V )  = S(A-Af ) = 8 A 1 f .
4 .
The change d0, w hich  th e  c o n s id e r e d  sy s tem  u n d e rg o e s  i s  a c c o r d ­
i n g l y  s i m i l a r  to  th e  t o t a l  work l e s s  t h a t  done a g a i n s t  e x t e r n a l  
p r e s s u r e .  I f  t h e  s o l u t i o n  i s  in c o m p r e s s ib le ,  i t  f o l lo w s  t h a t  
t h e  thBrm odynam ical p o t e n t i a l  and th e  f r e e  e n e rg y  have  th e  same 
s i g n i f i c a n c e .
C o n s id e r  th e  s o l u t i o n  to  c o n s i s t  o f  NQ m o le c u le s  o f  s o l ­
v e n t  and  Hg . . . .  . . .  Ns ,. i o n s  o f  t h e  s o r t
i » n
where r e p r e s e n t s  f o r  a  s i n g l e  p a r t i c l e  o r  io n  t h a t  p a r t  o f  
t h e  p o t e n t i a l  d ep enden t o n ly  on p and  T h u t  n o t  on th e  c o n c e n -
1 . 2  u se d  i n  p l a c e  o f  th e  g a s  c o n s t a n t  i s  in d e p e n d e n t  o f  t h e  co n ­
c e n t r a t i o n  and c^  i s  th e  c o n c e n t r a t i o n  o f  th e  i t h  s o r t  o f  p a r ­
t i c l e  d e f in e d
1 , 2 , i ,  s ,  th e n
from  c l a s s i c a l  therm odynam ics th e  p o t e n t i a l
(ni­
t r a t i o n .  . The -u n iv e rsa l  Boltzm an c o n s t a n t  k  a 1 , 3 7 1 x 1 0.-16
o r ,  s in c e  o n ly  d i l u t e  s o l u t i o n s  a r e  c o n s id e r e d ,  w i th  ap p ro x  
im a t io n
S o l u t i o n s ,  whose p r o p e r t i e s  can  he e x p re s s e d  th ro u g h  
e q u a t io n  ( 1 ) a r e  i d e a l  s o l u t i o n s ,  i . e .  s o l u t i o n s  i n  which th e  
p a r t i c l e s  a r e  'u n c h a r g e d 1 and in  which random d i s t r i b u t i o n  o f  
t h e  p a r t i c l e s  e x i s t  a s  i n  th e  g a s e o u s  s t a t e .  E x p e r ie n c e  h a s  
shewn, how ever, t h a t  s o l u t i o n s  o f  s t r o n g  e l e c t r o l y t e s  a r e  n o t  
i d e a l  -  so t h a t  an  a d d i t i o n a l  te rm  r e p r e s e n t i n g  th e  p o t e n t i a l  
due to  th e  i n t e r i o n i c  e f f e c t s  must he added  to  e q u a t io n  ( 1 ) .  
l e t  u s  r e p r e s e n t  t h i s  a d d i t i o n a l  te rm  by W -  
( c f .  l e h y e ,  2 6 ) ,  and  we th u s  o b t a i n  an  e x p r e s s io n  a p p l i c a b l e  
to  a l l  s o l u t i o n s  
s
** -  7 L  Ni  (<? i  +  k  T l g  a i  +  Wi ) tZ) .
i :  o
Now when a c t u a l  o r  non i d e a l  s o l u t i o n s  a r e  i n f i n i t e l y  
d i l u t e d  th e  c h a rg e d  p a r t i c l e s  a r e  s e p a r a t e d  to  such  an  e x t e n t  
t h a t  p r a c t i c a l l y  random d i s t r i b u t i o n  p r e v a i l s ,  so t h a t  th e y  
ap p ro x im a te  to  i d e a l  s o l u t i o n s ,  and i n  such s t a t e  th e  v a lu e  o f  
Wi t e n d s  to  z e r o .  T h is  e x te n s io n  i s  a n a lo g o u s  to  th e  t r a n s i t ­
i o n  o f  r e a l  g a s e s  to  i d e a l ,  a s  shewn by van  d e r  Waal, where th e  
r e a l  g a s e s  a r e  d i f f e r e n t i a t e d  from  th e  i d e a l  by th e  f o r c e s  o f  
a t t r a c t i o n  and r e p u l s i o n  which th e  m o le c u le s  e x e r t  on each  
o t h e r  i n  r e a l  g a s e s .
L e t  u s  p r o v i s i o n a l l y  make
Wj, s  H T l g  h i  
and  e q u a t io n  (E )  becomes
( 3 )
s
0  a Z  (SPt + kT l o g  h i  o± ) ( 4 )
so t h a t  h i  i s  th e  a c t i v i t y  p o t e n t i a l  o f  t h e  i ^  s o r t  o f  i o n .
The a c t i v i t y  ' c o e f f i c i e n t ,  i n  th e  se n se  t h a t  Lew is u s e s  t h e  
. te rm ,  may he o b t a i n e d  from th e  above by d i f f e r e n t i a t i o n  i n  th e  
f o l lo w in g  m anner. L e t  u s  c o n s id e r  a  change i n  c o n d i t i o n  o f  
o u r  sy s tem  a t  c o n s t a n t  p r e s s u r e  and t e m p e r a tu r e ,  which o n ly  
c o n s i s t s  i n  th e  number o f  p a r t i c l e s  p e r  u n i t  s p a c e ,  a s  i s  
a lw a y s  t h e  c a se  i n  s o l u b i l i t y  exam ples ,  where d i l u t i n g  d e c r e a s e s  
t h e  p a r t i c l e s  p e r  u n i t  sp ace , and c o n c e n t r a t i n g  i n c r e a s e s  t h e  
number o f  p a r t i c l e s .  D i f f e r e n t i a t i n g  ( 4 )  and s in c e
where j i i  r e f e r s  to  th e  c h em ica l  p o t e n t i a l  o f  t h e  i ^  s o r t  o f  
io n  ; t h e  i d e a l  ch em ica l  p o t e n t i a l  can  be w r i t t e n
when p and T c o n s t a n t
we o b t a i n
where h^ i s  d e p en d e n t  on th e  p a r t i c l e
I f  e x p r e s s io n  ( 5 )  i s  w r i t t e n  i n  t h e  form
F o r p r o o f  o f  t h i s  c f .  Debye and Hlickel ( l o c .  c i t . )
7.
an d  t h e  a c t u a l  c h e m ic a l  p o t e n t i a l  
* f t  + ft T ^  (£ j c{)
where
% f i  “ ( 6 )
f i  i s  th u s  d e f in e d  a s  th e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  i ^ h  s o r t  
o f  p a r t i c l e .  The law s o f  i d e a l  s o l u t i o n s  can  t h e r e f o r e  he 
. made a p p l i c a b l e  to  a c t u a l  s o l u t i o n s  i f  th e  a n a l y t i c a l  c o n c e n t r a ­
t i o n  can  he r e p l a c e d  hy a  f i c t i v e  c o n c e n t r a t i o n  to, > which i s  a 
m u l t i p l e  o f  th e  a n a l y t i c a l  c o n c e n t r a t i o n  and th e  a c t i v i t y  c o ­
e f f i c i e n t .
Hence we o b t a i n
S 0 * Z  «  Ni (<f>i +  k  T  *i H )
Suppose now t h a t  th e  number o f  each  o f  th e  s o r t  o f  p a r t i ­
c l e s  i n  t h e  s o l u t i o n  ch an g es  i n  th e  r a t i o
6 %  : SH2 • --------  * f f i  •------------
s  v i  : v 2  :   v i  : — — v s
where Vi e t c . ,
a r e  whole num bers , th e  law s  o f  c l a s s i c a l  therm odynam ics can  now 
be a p p l i e d  and th e  f o l lo w in g  e q u i l i b r iu m  e x p re s s io n  o b t a i n e d .
l g  ( f i  c i  )V J:  l g K  ( 7 ) .
T h is ,  o f  c o u r s e ,  i s  th e  e x p r e s s io n  o f  th e  Law o f  Mass 
a c t i o n ,  o n ly  i n  t h i s  c a se  t h e  f i c t i v e  c o n c e n t r a t i o n  i s
8.
u s e d  in  p l a c e  o f  t h e  a n a l y t i c a l  c o n c e n t r a t i o n .  T h is  e x p r e s s io n  
( f i © i )  m ight "be te rm ed  th e  " a c t i v e  mass" o f  th e  i ^ * 1 s o r t  o f  
p a r t i c l e .
The p rob lem , now, i s  to  e x p r e s s  th e  a d d i t i o n a l  te rm  wi>( 
and  w i th  i t ,  h i  and  f ^ ,  i n  e x p l i c i t  v a l u e s .
l e t  th e  s s o r t  o f  io n s  a l l  c a r r y  c h a r g e s  
z l * l  — — —  z s t  where L i s  t h e  e le m e n ta ry
quantum  o f  e l e c t r i c i t y ,  and z^ can  be e i t h e r  a  p o s i t i v e  o r  
n e g a t i v e  i n t e g e r .  Now, a c c o rd in g  to  th e  B oltzm an p r i n c i p l e ,  
(b o rro w ed  from  th e  K in e t ic  t h e o r y )  t h e  i o n ic  d i s t r i b u t i o n  i s  
a  f u n c t i o n  o f  t h e  r a t i o  o f  th e  e l e c t r i c a l  p o t e n t i a l  e n e rg y  o f  
each  io n  to  i t s  th e rm a l  e n e rg y ,  i . e .  a t  th e  c e n t r e  o f  a  d e f i ­
n i t e  io n ,  th e  o t h e r  io n s  ro u n d  a b o u t  w i l l  p ro d u ce  (Debye, 2 7 )  
a  p o t e n t i a l
z± t  X I
■xjr = —  J  X -f- i a i
I
where x  ( h a v in g  d im e n t io n s  o f  a  l e n g t h )  i s  a  m easure  o f  th e  
" t h i c l m e s s 11 o f  th e  io n ic  a tm osphere  and r e p r e s e n t s  t h a t  d i s ­
ta n c e  from  th e  io n  i n  which th e  p o t e n t i a l  h a s  d e c r e a s e d  to  an  
e ”kk p a r t  o f  i t s  o r i g i n a l  v a lu e  and i s  d e f in e d  by
s
X2  * 4 5 " n i  z i  2  ( 8  > ■
D H  ^ ~ T 
i  - I
w here D i s  th e  d i e l e c t r i c  c o n s t a n t  o f  th e  s o l v e n t ,  3c i s  th e  
B oltzm ann c o n s t a n t ,  T th e  a b s o lu te  t e m p e ra tu re  and n^ th e  number
o f  io n s  o f  th e  i ^ 31 s o r t  p e r  c u b ic  cm. -
Ni
—  where V i s  th e
volume o f  s o l u t i o n .  The te rm  ' a ^ 1 i s  t h e  c l o s e s t  d i s t a n c e  o f  
a p p ro a c h  o f  two io n s  o f  t h e  s o r t  i  m easured  from  c e n t r e  to  c e n ­
t r e .
To c a l c u l a t e  th e  a d d i t i o n a l  te rm  w i t  i s  f i r s t  o f  a l l  n e c ­
e s s a r y  to  d e te rm in e  th e  work done in  th e  d i l u t i o n  which a r i s e s
o u t  o f  th e  i n t e r i o n i c  f o r c e s .  T h is  i s  done by c a l c u l a t i n g  th e
w ork done i n  in t r o d u c in g ,  i n f i n i t e l y  slowly, t h e  e l e c t r i c a l  ch a rg es  
to  th e  u n c h a rg ed  p a r t i c l e s .  L e t  u s  suppose  t h a t  a t  a  c e r t a i n  
s t a g e  i n  t h i s  p r o c e s s  o f  c h a rg in g  th e  p a r t i c l e s ,  a  c h a rg e  o f  \  
h a s  been  in t r o d u c e d  ( ^  < 1  ) .  Then th e  work n e c e s s a r y  to
i n c r e a s e  t h i s  c h a rg e  by d \  on an  io n  o f  th e  s o r t  j  i s
and  from  ( 3 )  th e  a c t i v i t y  p o t e n t i a l  f o r  an  io n  o f  th e  s o r t  j  
i s  o b t a i n e d  from
T h is  i n t e g r a l  may be l e f t  u n e v a lu a te d  s in c e  th e  a c t i v i t y  
p o t e n t i a l  i s  r e q u i r e d  o n ly  a s  a s te p  to  th e  a c t i v i t y  c o ­
e f f i c i e n t .  E q u a t io n  ( 6 ) i s  th e  g e n e r a l  e x p r e s s io n  from  which
1 0 .
-  z-i2 e^x \ 2d/\
D  1  t  a j X
C o rresp o n d in g ly ,  f o r  a l l  th e  io n s
2 2
o
t h i s  c o e f f i c i e n t  w i l l  he d e te rm in e d .
I f  we c o n s i d e r  t h e  a c t u a l  volume o f  t h e  i o n s  to  he 
n e g l i g i b l e  com pared w i th  th e ,v o lu m e  o f  th e  s o l u t i o n  we may 
d i f f e r e n t i a t e  e q u a t io n  C8 ) a s  f o l lo w s :
8 x  = i  H k 2 £ 2 i
2 X ---------------------  2------  ----
8  Hi D k  T T
From t h i s  e x p r e s s io n  and i n s e r t i n g  th e  e x p r e s s io n  f o r
l o g  h  i n  e q u a t io n  ( 6 ) we o b t a i n
V i - + D&ZWAskixJ-riixSj]]
How i f  we ta k e  a  mean v a lu e  o f  ' a 1, i n s t e a d  o f  t a k i n g
a  d i f f e r e n t  v a lu e  f o r  each s o r t  o f  io n ,  we can  p r o c e e d  a s
f o l lo w s .  With r e f e r e n c e  to  ( 8 ) we o b t a i n
-** g2X ff i rYf AM A i)
V  1 ■ D k T  t i l  tAXa £ dXlXJ l + AXSJ j
and  by e v a l u a t i n g  th e  i n t e g r a l s  we f i n a l l y  o b t a i n
X
2BkT 1 t X a  (10)
By s u b s t i t u t i n g  th e  v a lu e  o f  X from  ( 8 ) i n  (1 0 )
,* ( 11)- ' 1 * ' -  » ♦  i S & J f T sTDkT
we o b t a i n  a  v a lu e  o f  th e  a c t i v i t y  c o e f f i c i e n t  f o r  th e  i ^ k  i o n .
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SOME REACTIONS OF 
PROPENIL -PHEHYL KETORE
WITH SEMI CARBAZIPES M3) THIO SEMI CARBAZ IDES.
THEORETICAL
I t  Has "been shewn by Rupe and h i s  c o l l a b o r a t o r s  ( 1 )  t h a t  
u n s a t u r a t e d  a l i p h a t i c  k e to n e s  can  r e a c t  w i th  s e m ie a rb a z id e  i n  
two w ays. For exam ple, one m o lecu le  o f  s e m ie a rb a z id e  r e a c t s  
t o  form  m e s i ty lo x id e  se m ic a rb a zo n e ,  t h u s :
HBg. HHC0HH2  
CH3  0 CH3  ff-HHCOUHg
C% -  C = CH C -  CHS -  CHg -  C a CHC -  GH3  + HgO
W ith two m o le c u le s  o f  s e m ie a rb a z id e  one m o lecu le  o f  
m e s i t y l  o x id e  r e a c t s  to  form  th e  s e m ie a rb a z id e  sem icarb azo n e  
o f  m e s i ty lo x id e
: &>' NNHCONHp 
CHg 'Gj CH3  H-HHCOHHg
I I .  CH3 -  C -  C H -  C -  GHg = CH3 -C-CH2 -C . CHg -j- IL>0
i
HHMHCOHHs rhhhcohh 2
R eg ard in g  u n s a t u r a t e d  k e to n e s  o f  th e  a ro m a tic  ty p e  Rupe 
w i th  H i n t e r l a c h  ( 1 ) ,  e x p re s s e d  t h e  o p in io n  t h a t  t h e s e  c o u ld  
r e a c t  w i th  se m ie a rb a z id e  i n  one way o n ly ,  th e  sem icarb azon e  
o f  th e  k e to n e  b e in g  form ed. T h is  o p in io n ,  how ever, was shewn 
by Auwers ( 2 )  to  be s u b j e c t  to  m o d i f i c a t i o n .  Rupe had  b a se d
h i s  o p in io n  on e x p e r im e n ts  ( 1 ) c a r r i e d  o u t  w i th  k e to n e s  o f  
th e  ty p e  Ar CB:CE*C0*R (w here  Ar -  a ro m a t ic  n u c le u s ,  and
n u c le u s .  Auwers ( 2 )  shewed, how ever, t h a t  th e  i s o m e r ic  
k e to n e s  o f  th e  ty p e  ArCO-CE:CE R, where th e  c a rb o n y l  g roup  
was a t t a c h e d  to  t h e  a ro m a tic  n u c le u s ,  and  th e  e t h y l e n i c  
l i n k a g e  was a d j a c e n t  to  t h e  c a rb o n y l  g ro u p ,  c o u ld  r e a c t  w i th  
s e m ie a rb a z id e  i n  a manner s i m i l a r  to  m e s i ty l  o x id e .
P ro p e n y l  p h en y l  k e to n e ,  f o r  exam ple , r e a c t s  w i th  s e m ic a r -  
b a z id e  to  form  th e  sem icarbazone  ( I I )  and  th e  s e m ie a rb a z id e  
sem icarb azo n e  ( I I I ) .
The s t r u c t u r e  o f  th e  se m ie a rb a z id e  sem icarbazone  o f  p r o p e n y l -  
p h e n y l  k e to n e  I I I  was assumed by Auwers ( 2 )  from  a n a lo g y  to  t h a t  
o f  m e s i ty lo x id e  which had been e s t a b l i s h e d  by Rupe and K e s s le r
I n  th e  p r e s e n t  work th e  r e a c t i o n s  o f  p ro p e n y l  p h e n y l  
k e to n e  was s tu d i e d  w ith  ^p h en y l s e m ie a rb a z id e  , 4 p h e n y l  
t h io s e m ie a r b a z id e  and th io s e m ie a r b a z id e .
I t  was found t h a t  pheny l s e m ie a rb a z id e  r e a c t e d  o n ly  to
R » a l k y l  g ro u p )  w i th  th e  e th y l e n i c  l i n k a g e  n e x t  th e  a ro m a tic
H-HECO M g R .M  CO NH2
I I . I I I .
( 1 ) .
3 .
fo rm  th e  ph en y l sem iea rh azo n e  o f  t h e  k e to n e  ( IV )
N*KHC0 raG 6 H5  
'6 -  CH:CH-qH3
IV
P ro b a b ly  th e  p r e s e n c e  o f  t h e  p h e n y l  g roup  by i n c r e a s i n g  th e  
s i z e  o f  t h e  m o le c u le ,  d e c r e a s e s  th e  a c t i v i t y  o f  th e  sem i-  
e a r b a z i d e  m o le c u le ,  and  th u s  p r e v e n t s  t h e  fo r m a t io n  o f  t h e  
a d d i t i o n  compound.
P h e n y l  th io s e m ie a r b a z id e  r e a c t e d  i n  a  manner s i m i l a r  to  
4 p h e n y l  s e m ie a rb a z id e  fo rm ing  th e  p h e n y l  th io s e m ic a rb a z o n e  
o n ly  o f  t h e  k e to n e  (V)
The r e a c t i o n  o f  th io s e m ie a r b a z id e  was p e c u l i a r  and  o f  a  
d i f f e r e n t  n a tu r e  to  se m ie a rb a z id e  -  an  a d d i t i v e  compound 
b e in g  form ed by th e  a d d i t i o n  o f  t h e  t h i o  se m ie a rb a z id e  a t  t h e  
e t h y l e n i c  l i n k a g e  (V I)  A o r  B
0 m k h c s b h 2 § hhhhgshh 2
4
T h is  compound w hich may he te rm ed  th io s e m ic a r b a z id o  — 
p ro p y l-p h e n y l  k e to n e ,  d id  n o t  form  a  s e m ic a rb a z o n e . The 
k e to n i c  a c t i v i t y  was n o t  c o m p le te ly  masked by th e  in t r o d u c  
t i o n  o f  t h e  t h io s e m ie a r b a z id e  m o le c u le ,  how ever, a s  i t  
r e a d i l y  form ed an  oxime w i th  hydro  xy lam ine  ( V I I )  (A o r  B ) ,
A s i m i l a r  r e a c t i o n  was r e p o r t e d  by Anwers ( 2 )  who found  
t h a t  f .  hy d ro x y  o. t o l y l ,  i so -b u ten y l  k e to n e  r e a c t e d  w i th  sem i-  
c a r b a z id e  to  form  th e  a d d i t i v e  compound V I I I ,  which
Anwers ( 2 )  s u g g e s te d  fo rm u la  V I I I  f o r  t h e  a d d i t i v e  compound 
w i th  s e m ie a rb a z id e  b u t  d id  n o t  p rove  th e  c o n s t i t u t i o n .
I t  t h u s  c a n n o t  be a rg u e d  from a n a lo g y  to  V I I I  t h a t  
t h io s e m ie a r b a z id o - p r o p y l - p h e n y l  k e to n e  h a s  t h e  c o n s t i t u t i o n  
r e p r e s e n t e d  by VI.A . The fo rm ula  V I.B  i s  q u i t e  p o s s i b l e ,  
and  a  s i m i l a r  doub t must e x i s t  w he ther  fo rm u la  V II A o r  B 
r e p r e s e n t s  th e  c o n s t i t u t i o n  o f  th e  oxim e.
N#OH NH'HHCSNHg H’OH mnracsNHpu /  ^
V II
A B
V I I I
CHg
0 OH
CO -  CH2 -  ® • (CH3 )2
NH3SHCOIH2
a l s o  r e a d i l y  r e a c t e d  w i th  hydroxy lam ine  to  g iv e  oxime f o r m a t io n
%I t  may a l s o  be m entioned  h e r e  t h a t  t h e r e  sh o u ld  be s t e r e o ­
iso m er  i d e s  o f  t h e  above s e r i e s  o f  compounds, and  w h i l s t  no 
d i r e c t  e f f o r t s  were made to  i s o l a t e  such compounds no e v id e n c e  
o f  them was o b t a in e d  i n  th e  e x p e r im e n ta l  w ork .
L e t  u s  examine th e  f o r e g o in g  r e a c t i o n s  o f  p ro p en y l—p h e n y l  
k e to n e  from  th e  a s p e c t  o f  F r y ' s  p o l a r i t y  t h e o r y  ( 7 ) .  By t h i s  
t h e o r y  th e  k e to n e  may be r e p r e s e n t e d
0
T  % -  + -
A  -S-CHlCH-CHg
How th e  oxygen i n  se m ie a rb a z id e  r e a c t s  v e ry  d i f f e r e n t l y  
from  th e  oxygen i n  th e  k e to n e ,  though  b o th  a r e  l i n k e d  to
c a rb o n ,  so t h a t  i t  seems r e a s o n a b le  to  r e p r e s e n t  s e m ie a rb a z id e
■*> — +  —  +  + • “
w i th  oxygen a s  0 ,  t h u s : -  HoN -  NH -  C(0)HH? . Such a  c o n -
a 2. » .  4. A"
f i g u r a t i o n  would e x p la in  th e  r e a c t i v i t y  o f  t h e  h y d ro g en s  
a t t a c h e d  to  th e  1 . n i t r o g e n ,  w i th  k e to n e s  and a ld e h y d e s ,  and 
t h i s  would a l s o  a c c o u n t  f o r  th e  a c i d  m o lecu le  i n  s e m ie a rb a z id e  
h y d r o c h lo r id e  b e in g  a t t a c h e d  to  t h e  . 1  n i t r o g e n ,  and n o t  to  t h e  
4 .  n i t r o g e n .
How th io s e m ie a r b a z id e  d i f f e r s  m arked ly  from  s e m ie a rb a z id e  
i n  i t s  a b i l i t y  to  form  a  sodium s a l t .  T h io s e m ie a rb a z id e  fo rm s 
a  sodium s a l t  v e ry  e a s i l y  w h i l s t  s e m ie a rb a z id e  does n o t  form  
one a t  a l l .  The l in k a g e  o f  th e  m e ta l  t a k e s  p l a c e  th ro u g h  t h e  
s u lp h u r  atom o f  t h e  t h io s e m ie a r b a z id e ,  and f o r  t h i s  r e a s o n
6.
we may r e p r e s e n t  th e  s u lp h u r  a s  S f and  t h i o  s e m ie a rb a z id e  a s  
+ “ * + — —’
HHo • N: C(SH)NHs> . As t h i o  s e m ie a rb a z id e  r e a c t s  w i th  c e r t a i n
X  % 3  4.
a ld e h y d e s  and k e to n e s  i n  a  manner s i m i l a r  to  s e m ie a rb a z id e ,
i . e .  th ro u g h  th e  h y d ro g en s  o f  th e  1  n i t r o g e n ,  we may a l s o
— +. jf. «  +. f. -
r e p r e s e n t  i t  a s  HH2  • HHS(SjHH2  • ;  and i t  i s  p o s s i b l e  t h a t  t h e
two fo rm s e x i s t  i n  e q u i l i b r iu m  a s
-*4" — +■ 4* + — f" *” +* —
Hg H NH C (S )  • HHg H2  F : N • c (SH; HHg
On a c c o u n t  o f  th e  s t r o n g l y  n e g a t iv e  n a t u r e  o f  t h e  s u lp h u r
atom  i t  i s  p ro b a b le  t h a t  th e  form  on th e  r i g h t  hand s id e  w i l l
p re d o m in a te .  Such a  form o f  ta u to m e r ism  i s  su g g e s te d  by F ry
( 7 )  i n  th e  c a s e s  o f  s e v e r a l  o t h e r  compounds.
I n  co n n ex io n  w i th  t h e  r e p r e s e n t a t i o n  o f  oxygen and  s u lp h u r  
+ +
a s  0 and S, i t  may be n o te d  t h a t  F ry  r e p r e s e n t s  th e  oxygen
— - 4
m o lecu le  a s  0  0  , and a l s o  r e p r e s e n t s  th e  oxygen atom i n  s e v ­
e r a l  c a s e s  to  r e a c t  a s * Q  . Ho c a se  i s  q u o ted  by F ry  o f  a
s u lp h u r  atom b e in g  r e p r e s e n t e d  a s  S , b u t  from  a n a lo g y  
to  th e  oxygen atom t h e r e  seems no r e a s o n  why t h i s  sh o u ld  n o t  
be done .
Thus from th e  fo re g o in g  i t  i s  p ro b a b le  t h a t  s e m ie a rb a z id e
w i l l  r e a c t  a s  • HHC(0 )HH > and  t h i o  s e m ie a rb a z id e  m o s t ly
+ -  4- -  +  -
a s  m % • N : C (S H)
T h e re fo re  w ith  se m ie a rb a z id e  and p ro p e n y l  p h e n y l  k e to n e  
we have  th e  f o l lo w in g  r e a c t i o n
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an d  w i th  th io s e m ie a r b a z id e :
* -  * - * ~
A r y V ;  N - C ( $ H ) N H X
A  § -  * -
/ N  ■ C ■ C H :  C H -  C H ,
0
T h is  t h e o r y  th e n  f a v o u r s  fo rm u la  V I.B . a s  th e  c o n s t i t u t i o n  o f  
th e  th io s e m ic a r b a z id o  p r o p y l  ph en y l k e to n e .
We have  now to  e x p la in  i n  te rm s  o f  t h i s  th e o r y  why t h e  
i n t r o d u c t i o n  o f  a  pheny l group in to  th e  t h i o  s e m ie a rb a z id e  
s h o u ld  p r e v e n t  th e  f o rm a t io n  o f  an a d d i t i v e  compound. The
p r o b a b le  r e a s o n  i s  t h a t  th e  n e g a t iv e  p h e n y l  g roup  c a u s e s  th e
th io s e m ie a r b a z id e  to  e x i s t  m ain ly  i n  a  form  r e p r e s e n t e d  by
-  + -  + 4- —
HgN • B H  C ( S )  N H  C6H5
We would th u s  esqoeet r e a c t i o n  w i th  t h e  k e to n ic  g roup  to  
form  t h e  p h e n y l  th io s e m ic a rb a z o n e ,  which does  t a k e  p l a c e .
■t- -  +  -+  -
_ nh n /c ( s h )  n h % 
~ o  • +
Q  C  C H - C H Z  C H}
8.
The n o n -fo rm a t io n  o f  th e  p h e n y l- th io  se m ie a rb a z id e  -  t h io  sem i-  
e a rb a z o n e  may be e x p la in e d  a s  due to  s t e r i c  i n f lu e n c e s  o f  th e  
p h e n y l g ro u p .
The s t e r i c  in f lu e n c e s  o f  th e  p h e n y l g roup  i s  th e  p ro b a b le  
r e a s o n  f o r  p h e n y ls e m ie a rb a z id e  fo rm in g  o n ly  th e  p h e n y l se m ic a r 
bazone w ith  p ro p e n y l p h e n y l k e to n e .
An e x p la n a t io n  o f  th e  r e a c t i o n  o f  O 'to ly l* -  i s o b u te n y l  
k e to n e  w ith  se m ie a rb a z id e  may l i e  w ith  th e  c o n f l i c t i n g  p o la r  
i n f lu e n c e s  o f  th e  m ethy l and  h y d ro x y l g ro u p s  i n  th e  a ro m a tic  
n u c le u s  to g e th e r  w ith  s t e r i c  in f lu e n c e s  o f  th e  two m ethy l 
g ro u p s  a t t a c h e d  to  th e  end c a rb o n  atom  in  th e  s id e  c h a in .
We m igh t suppose  th e  k e to n e  to  e x i s t  a s  r e p r e s e n te d
^  +•
+ I  -  + ~ .  0 + -  +
CH3 p h  4 CH : C ; (0E3 )z  ^  CH3 < n s  -  C.CH:C( CHg)^
OH OH
From a  c o n s id e r a t io n  o f  p o l a r i t y  e f f e c t s  one w ould e x p e c t  
th e  form  r e p r e s e n te d  by th e  l e f t  hand s id e  o f  th e  above equa­
t i o n  to  p re d o m in a te , and c o n se q u e n tly  no rm al r e a c t i o n  to  ta k e  
p la c e  a t  th e  k e to n ic  g ro u p . The s t e r i c  i n f lu e n c e s ,  how ever, 
may be g r e a t ,  w hich would a c c o u n t f o r  th e  k e to n e  fo rm in g  w ith  
se m ie a rb a z id e  a n  a d d i t io n  compound a t  th e  d o u b le  bond.
EXPERIMENTAL.
The p ro p e n y l  p h e n y l  k e to n e  was p r e p a r e d  by t h e  method 
o f  K o h le r  ( 3 ) .
4 -rPhenyl s e m ie a rb a z id e  was made by h y d r o l y s i s  o f  a c e to n e  
p h e n y lse m ic a rb a z o n e ,  a s  d e s c r ib e d  by B o rs c h e ( 8 ) .
T h io s e m ie a rb a z id e  was p r e p a r e d  by th e  method d e s c r i b e d  
by  F reund  and Schander ( 5 ) .
4 - P hen y l th io s e m ie a r b a z id e  was p r e p a r e d  from  p h e n y l  
m u s ta rd  o i l  and h y d ra z in e  by th e  method o f  PuTvermaeher ( 6 ) .
These p r e p a r a t i o n s  a r e  d e s c r ib e d  i n  t h e  a p p e n d ix .
R e a c t io n  o f  P ro p e n y lp h e n y l  k e to n e  and P h e n y ls e m ic a rb a z id e .
F o rm a tio n  o f  P ro p en y lp h en .y l4 p h en y lsem ica rb azo n e .
C6 H5 CO• CH: CHCH3  +• HHgNHCQNHPhs C6 H5 C( :NNHCONHPh) CH: CHCH3 +H gO .
3g o f  p h e n y ls e m ic a rb a z id e h y d ro c h lo r id e  (2*5 m o ls )  were 
d i s s o l v e d  i n  a  minimum amount o f  a l c o h o l ,  and to  t h i s  s o l u t i o n  
was added  a  s o l u t i o n  o f  2g p o ta s s iu m  a c e t a t e  (2*5 m ols)  i n  
a l c o h o l .  The p o ta s s iu m  c h lo r i d e  form ed was f i l t e r e d  o f f ,  and
1 0 .
1.25gm  o f  p ro p e n y lp h e n y l  k e to n e  C^HgCOCHsCHCHg (1  m ol) was 
added  to  th e  f i l t r a t e .
The m ix tu re  was a l lo w e d  to  s ta n d  f o r  a  week a t  room 
te m p e ra tu re , :  when th e  c r y s t a l s  o f  p ro p e n y lp h e n y l4 p h e n y ls e m ic a r -  
bazone CgHgCC : NNHCONHPh} CH: CHCHg which had  s e p a r a t e d  o u t  were 
rem oved by f i l t e r i n g .  On c r y s t a l l i s i n g  from  a b s o l u t e  a l c o h o l  
t h e  p ro p e n y lp h e n y l 4 p h e n y lsem ic a rb a z o n e  was o b ta in e d  i n  t h e  form  
o f  f i n e  n e e d l e s  M.P. 2 1 2 ° .  T h is  su b s ta n c e  i s  v e ry  s o lu b l e  i n  
c h lo r o fo r m ,  and m o d e ra te ly  s o lu b le  i n  p e t ro le u m  e t h e r ,  benzen e  
and  a l c o h o l .
A n a ly s i s .
W eight o f  S ub s tance  
V a lu es  o f  N i t ro g e n  
T em pera tu re  
B a ro m e tr ic  P r e s s u r e
P ro p e n y lp h en y l4 p h en y lse m ic a rb a zo n e  r e q u i r e s  1 5 .1  N i t r o g e n .
( 1 )  ( 2 )  Found
.1036g .096g N i t ro g e n
1 3 .4  c c s  9 .6  c c s  ( 1 )  ( 2 )
1 1 .0 ° '  C 1 2 .  5 - C. 1 5 .1 *  1 5 .0 *
755 mm 756 mm
N o te :
The use  o f  a  l a r g e  e x c e s s  o f  4 p heny l s e m ie a rb a z id e  i n  
t h e  above r e a c t i o n  d id  n o t  a l t e r  th e  c o u rs e  o f  th e  r e a c t i o n .
R e a c t io n  o f  Prop  e n y lp h e n y lk e  to n e  and  Thio s e m ie a r b a z id e .
F o rm a tio n  o f  T h io sem ica rb az id o p ro p .y lp h en y l  k e to n e .  
C6 H5 C 0CH :CH CH 3+H H 2 KECSHH2  -  C6 H5 CO • CH2 CB^HKHCSHhJ CHg.
2 .5  g (1  m ol) o f  t h i o  s e m ie a rb a z id e  NHgNHCSNH2  were d i s ­
s o lv e d  i n  a s  sm a ll  a  q u a n t i t y  o f  aqueous  a l c o h o l  a s  p o s s i b l e  
. and  to  t h i s  s o l u t i o n  was added 4g p ro p e n y lp h e n y l  k e to n e  
C6 H5 C0 CH: CHCH3( 1 m o l) .
The m ix tu re  was a l lo w e d  to  s ta n d  a t  room te m p e r a tu re  f o r  
o v e r  a  week, when th e  th io s e m ie a r b a z id o p r o p y lp h e n y l  k e to n e  
C6 H5 C0CH2 CH(MNHCSHH2 )CH3  which had  form ed was f i l t e r e d  o f f .  
When th e  f i l t r a t e  was c o n c e n t r a t e d  u n d er  r e d u c e d  p r e s s u r e  more 
th io s e m ic a r b a z id o - k e to n e  was o b ta in e d .  The p ro d u c t  was s o l u ­
b l e  i n  a l c o h o l ,  c h lo ro fo rm  and n i t r o - b e n z e n e ,  s l i g h t l y  s o l u b l e  
i n  p e tro le u m  e t h e r  and a lm o s t  i n s o l u b l e  i n  b e n z e n e .  T h io sem i-  
c a r b a z id o p r o p y lp h e n y l  k e to n e  can  be c r y s t a l l i s e d  from  a l c o h o l ,  
o r  from  a  m ix tu re  o f  c h lo ro fo rm  and p e tro le u m  e t h e r ,  i n  th e  
form  o f  sm a ll  p r i s m s  M .P.1400 .
N i t r o g e n  E s t im a t io n .
W eight o f  S u b s tance  
Volume o f  N i t ro g e n  
T em pera tu re  
B a ro m e tr ic  P r e s s u r e  
f  N i t ro g e n
^11H15N3 S0 r e q u i r e s  N i t ro g e n
1 2 .
•1168g.
1 8 .1  c c s .  




S u lp h u r  E s t im a t i o n .
   ( 1 ) ( 2 )
W eight o f  S u b s tan c e  .1034g  .0 95 5g .
Weight o f  BaS0 4  .0977g  .0 9 0 6 g ,
f> S u lp h u r  1 3 .0  1 3 .1
^11H15%®° r e Qtiired  1° S u lp h u r  1 3 .5
M o le c u la r  W eight D e te rm in a t io n .
F r e e z in g  P o in t  Method
W eight o f  S u b s tance  .336g  ;*206g
W eight o f  S o lv e n t  (nitro-benzene) '2 4 . l g  2 4 .1 g
F r e e z in g  P o i n t  o f  S o lv e n t  4 .6 7 8 °  4 .93 20
F r e e z in g  P o in t  o f  S o lu t io n  4 .3 1 5  4 .6 0 2
D e p re s s io n  o f  F .P .  .347  .210
Hence M o le cu la r  Weight 282 285
C a lc u la te d  M o lecu la r  w e ig h t f o r  Cj, *s 237 .
The a s s o c i a t i n g  n a tu r e  o f  th e  s o lv e n t  may Account f o r  
th e  s l i g h t l y  h ig h  r e s u l t  o b ta in e d  by t h i s  m ethod, b u t  no 
o t h e r  s u i t a b l e  s o lv e n t  was o b t a i n a b l e .  A t te m p ts  to  c a r r y  
o u t  m o le c u la r  w e igh t  d e te r m in a t io n  by th e  b o i l i n g  p o i n t  
method w i th  c h lo ro fo rm  a s  s o lv e n t  gave i n c o n s i s t e n t  r e s u l t s  
throu& h d e co m p o s it io n  o f  th e  s o l u t e .
1 3 .
R e a c t io n  o f  P ro p e n y lp h e n y l  k e to n e  and Thio s e m ie a r b a z id e . 
F o rm a tio n  o f  T h io s e m ic a rb a z id o p ro p y lp h e n y l -k e to x im e .  
C6 H5C0CH2CH(NHNHCSNH2 )CH3  +  NH2 0H  = C6 H5 C (N 0H ) • CHg CRftMHCSNHg) C%
l g  ( 1  m ol) o f  th io s e m ic a r b a z id o p r o p y lp h e n y l  k e to n e  was d i s ­
so lv e d  i n  a l c o h o l ,  and to  th e  h o t  s o l u t i o n  was added 4 . 5 g  h y d ro x  
y la m in e h y d ro c h lo r id e  ( 1 .5  m o ls )  im m e d ia te ly  fo l lo w e d  by an  
e x c e s s  o f  a n h y d ro u s  p o ta s s iu m  a c e t a t e .  On c o o l in g  *the t h i o  semi 
e a rb a z id o p ro p y lp h e n y l -k e to x im e  s e p a r a t e d  o u t  a s  a  w h i te  s o l i d  
w hich was f i l t e r e d  o f f .
The th io s e m ic a r b a z id o p r o p y lp h e n y l  ke tox im e was s o lu b l e  i n  
a l c o h o l ,  and s l i g h t l y  s o lu b le  i n  b e n ze n e ,  e t h e r  and p e t ro le u m
e t h e r .  P u r i f i c a t i o n  was acc o m p lish e d  by d i s s o l v i n g  i n  a b s o l u t e
a l c o h o l  and  a d d in g  drop by drop  to  p e t ro le u m  e t h e r .  M.P. 1 6 5 ° . 
Y ie ld  .9 g .
A n a ly s i s .
N i t ro g e n  E s t im a t io n .
W eight o f  S u bs tan ce  .0812g Volume o f  N i t ro g e n  1 4 .2  c c s .  
T em pera tu re  1 4 .5 ° .  B aro m etr ic  P r e s s u r e  750 mm.
N it ro g e n  = 2 0 .9 .
C n H i 6 N4 S0 r e q u i r e s  N i t ro g e n  = 20 .9
S u lp h u r  E s t im a t io n .
W eight o f  S u b s t a n c e  .1210g . W eight o f  BaSO^. 1090g.
S u lphur a 1 2 .4 ^
c11h16n4S0 r e <iuires S u lphur = 1 2 .7 £
14.
Carbon and Hydrogen E s t im a t io n .
W eight o f  W eight W eight
S u b s tan c e  HpO COp Hydrogen Carbon
•1266g .0 8 0 5g .2 4 0 5g 6 .9  5 2 .5
C11H16N4 S 0  r e Q-u i r e s  -----------  6 .4  5 2 .4
Propenyl-phenyl k e to n e  and 4 H im ith io s e m ie a rb a z id e .
F o rm a tio n  o f  P r  op e n y lp h en y !4 p h en y l  t h io  s e m ic a rb a z o n e .
C6 H5 C0CH: CHCH3 + NH2HHCSHHPh -  C6 H5 C( MHCSNHPhjCH: CHC% 4-HgO
1 . 2 g ( 1  mol) o f  th e  k e to n e  were d i s s o l v e d  i n  a  minimum 
q u a n t i t y  o f  a lc o h o l  and added to  a  s o l u t i o n  o f  1 .7  g p h e n y l -  
t h io s e m ie a r b a z id e  (1  m o l) .  The m ix tu re  was l e f t  a t  room 
te m p e r a tu re  f o r  f i v e  days when y e l lo w  c r y s t a l s  o f  p r o p e n y l -  
p h e n y l 4 p h e n y l  t h io  sem icarbazone  C6 H5 C(HUHCSin£Ph)CH: CHCH3  were 
f i l t e r e d  o f f .
The p r o d u c t  was s o lu b le  i n  c h lo ro fo rm , a l c o h o l ,  and b e n ­
z e n e ;  i n s o l u b le  i n  p e tro le u m  e t h e r .  I t  was p u r i f i e d  by 
d i s s o l v i n g  i n  benzene  and ad d in g  th e  s o l u t i o n  to  p e tro le u m  
e t h e r ,  when i t  was o b ta in e d  w h ite  and m e l ted  a t  1400. On
15.
e x p o su re  to  l i g h t  th e  compound tu r n e d  y e l lo w ,  "but w i th o u t  a  
change  i n  m e l t in g  p o i n t .
The y i e l d  was v e ry  p o o r .
S u lp h u r  E s t im a t io n .
W eight o f  S u b s tan c e  — .0625g .  W eight o f  BaS04  — .0493g  
S u lp h u r  — 10.8^> • C1 7 H1 7 SN3  r e q u i r e s  — 1 0 ,8 ^ .
N i t ro g e n  E s t im a t i o n .
W eight o f  S u b s tan c e  — .1052g Volume o f  N i t r o g e n  — 1 3 .0 c c s .  
T em pera tu re  — 1 7 .0 ° .  B a ro m e tr ic  P r e s s u r e  751mm.
N i t ro g e n  ------ 1 4 .4 ^ .  C1 7 H1 7 SN3  r e q u i r e s  14.2?&.
N o te :
The use  o f  a  l a r g e  e x c e ss  o f  4 pheny l t h i o  se m ic a rb a -  
z id e  i n  th e  above exp erim en t d id  n o t  change th e  c o u rs e  o f  t h e  
r e a c t i o n .
1 6 .
APPENDIX
P r e p a r a t i o n  o f  P ro p e n y l  P h en y l  K etone (3 ) , ,
From d r o to n y l  c h lo r i d e  and “benzene by F r i e d # l  and 
C r a f t s 1 r e a c t i o n .
P r e p a r a t i o n  o f  C ro to n y l C h lo r id e  ( 4 ) .
50g. c r o t o n i c  a c id  (3  m ol) were h e a t e d  on a  w a te r  h a th  
w i th  53g ph o sp h o ru s  t r i c h l o r i d e  (2  m o ls )  f o r  a  p e r i o d  o f  two 
h o u r s .  The l i q u i d  c h lo r i d e  was th e n  p o u red  o f f  th e  j e l l y  
l i k e  p h o sp h o r ic  a c i d  and p u r i f i e d  hy d i s t i l l a t i o n  a t  o r d i n a r y  
p r e s s u r e .  The p o r t i o n  which d i s t i l l e d  o v e r  be tw een  120° -  
125° C was t a k e n .  Y ie ld  48g -  50g.
F o rm a tio n  o f  th e  k e to n e .
A l i t t l e  more th a n  th e  c a l c u l a t e d  q u a n t i t y  o f  f in e ly -  
g ro u n d  a lum in ium  c h l o r i d e ,  v i z .  6 6 g , was added to  a  s o l u t i o n  
o f  50g c r o t o n y l  c h lo r i d e  and 50g benzene  i n  150 c c s  c a r b o n  
d i s u l p h i d e .  The a lum inium  c h lo r i d e  d i s s o lv e d  w i th o u t  much 
e v o lu t i o n  o f  g a s .  The v e s s e l  c o n ta in in g  th e  s o l u t i o n  was
1 .
t h e n  p l a c e d  in  i c e  w a te r  and exposed  to  d i r e c t  s u n l i g h t .
A f t e r  a  t im e ,  t h e r e  was a  b r i s k  e v o lu t i o n  o f  h y d r o c h lo r i c  
a c i d  g a s ,  and th e  r e a c t i o n  m ix tu re  became d a r k e r  c o lo u re d  and 
more v i s c o u s .  A f t e r  a b o u t  an h o u r  (K o h le r  s t a t e s  a b o u t  15 
m in u te s )  th e  p ro d u c t  was p ou red  i n to  i c e d  a c i d ,  t h e  o rg a n ic  
s u b s ta n c e s  e x t r a c t e d  w ith  e t h e r ,  and d r i e d  w i th  an h yd rou s  
sodium s u l p h a t e .
A f t e r  the s o l v e n t s  had  been  removed by d i s t i l l a t i o n  a t  
o r d i n a r y  p r e s s u r e ,  th e  m ix tu re  was d i s t i l l e d  u n d e r  re d u c e d  
p r e s s u r e .  The m ix tu re  s t a r t e d  b o i l i n g  a t  135° C (20  mm) 
and  most o f  th e  p r o d u c t  came o v e r  be tw een  135-140° C. The 
te m p e r a tu r e  th e n  r o s e  r a p i d l y  and a  second c o l o u r l e s s  d i s ­
t i l l a t e  was c o l l e c t e d  betw een 175° -  185° C.
The f i r s t  d i s t i l l a t e ,  which p ro v ed  to  be a lm o s t  p u re  
p ro p e n y l  p heny l k e to n e ,  on r e d i s t i l l a t i o n  gave 42g p u re  
k e to n e .
The second d i s t i l l a t e  was found  by K oh le r  to  be a
compound formed from  a d d i t i o n  o f  benzene  to  p r o p e n y l  p h e n y l
k e to n e ,  and was i d e n t i f i e d  a s  / 3  p h en y lb u ty ro p h en o n e
C5 H5  • CH( GH3  )CH2  • CO CgHg •
P r e p a r a t i o n  o f  4 - p h e n y l s e m ie a r b a z id e ,
Prom a c e to n e  se m ic a rb a z o n e .  ( 8 ) .
F o rm a tio n  o f  a c e to n e  sem ic a rb a zo n e :
30g o f  p o ta s s iu m  a c e t a t e  were d i s s o l v e d  i n  a  minimum 
q u a n t i t y  o f  a l c o h o l  and th e  s o l u t i o n  added to  th& t o f  30g 
s e m ie a rb a z id e  h y d r o c h lo r id e  d i s s o l v e d  i n  th e  minimum q u a n t i t y  
•o f  w a te r  a t  room te m p e r a tu r e .  The p o ta s s iu m  c h l o r i d e  form ed 
was f i l t e r e d  o f f  a f t e r  a b o u t  two h o u r s ,  and 2 0 g o f  a c e to n e  
were added to  th e  f i l t r a t e .  The m ix tu re  was th e n  a l lo w e d  to  
s t a n d  f o r  1 2  h o u r s ,  and th e  a c e to n e  sem icarb azo n e  which had  
s e p a r a t e d  o u t  f i l t e r e d  o f f .
The c ru d e  a c e to n e  sem icarbazone  was th e n  r e c r y s t a l l i s e d  
from  w a te r .  The f i n a l  y i e l d  o f  r e c r y s t a l l i s e d  a c e to n e  sem i­
c a rb a z o n e  was a b o u t  25g.
F o rm atio n  o f  a c e to n e  4 . -p h e n y ls e m ic a rb a z o n e :
25g o f  r e c r y s t a l l i s e d  a c e to n e  sem icarbazon e  were mixed 
w i th  16g o f  f r e s h l y  d i s t i l l e d  a n i l i n e  i n  a  f l a s k  which was 
p l a c e d  i n  an  o i l  b a th  a t  135° C. E v o lu t io n  o f  ammonia com­
menced, and a c l e a r  s o l u t i o n  was soon form ed. The te m p e ra ­
t u r e  o f  t h e  b a th  was th e n  r a i s e d  to  140° C, and h e a t i n g  a t  
t h i s  te m p e ra tu re  c o n t in u e d  f o r  o v e r  an  h o u r  t i l l  t h e  e v o lu t i o n  
o f  ammonia s to p p e d .
3 .
The f l a s k  wa's th e n  removed from  th e  h a th ,  and a f t e r  c o o l ­
in g  to  a h o u t  100° C th e  c o n te n t s  were mixed w i th  an  e q u a l  
volume o f  a l c o h o l ,  and p ou red  q u ic k ly  i n to  600 cc o f  i c e  c o ld  
w a t e r .  The re m a in in g  a c e to n e - 4 - p h e n y l  ^ s em ica rb azo n e  in  t h e  
f l a s k  was removed w i th  50 to  100 cc o f  h o t  a l c o h o l .
The a c e to n e  d e r i v a t i v e  q u ic k ly  p r e c i p i t a t e d  on m ixing  w i th  
w a te r ,  and a f t e r  s t i r r i n g  w ith  a  g l a s s  r o d ,  and s t a n d in g  f o r  
a h o u t  two h o u rs  became c o m p le te ly  g r a n u l a r .  I t  was th e n  f i l ­
t e r e d  o f f ,  and w e l l  washed w ith  w a te r .
F o rm a tio n  o f  4 -p h e n y ls e m ie a rb a z id e .
The c ru d e  a c e to n e  4 - p h e n y lsem ic a rb a z o n e  was th e n  h y d r o l i s e d  
by h e a t i n g  f o r  a b o u t  h a l f  an h o u r  w i th  an e x c e s s  o f  h y d r o c h lo r i c  
a c i d  i n  t h e  form  o f  a s o l u t i o n .  The p h e n y l  s e m ie a rb a z id e  
form ed d u r in g  th e  h y d r o l y s i s  p a s s e d  i n to  s o l u t i o n ,  l e a v in g  a 
s u s p e n s io n  o f  i n s o l u b l e  d ip h e n y lu re a ,  which was f i l t e r e d  o f f .
The f i l t r a t e  c o n ta in in g  th e  p h e n y ls e m ie a rb a z id e  h y d ro ­
c h l o r i d e  was th e n  e v a p o ra te d  und er  re d u c e d  p r e s s u r e ,  to  g iv e  a  
l a r g e  c ro p  o f  p l a t e  fo rm  c r y s t a l s ,  which were f i l t e r e d  o f f ,  
and washed w i th  d i l u t e  h y d r o c h lo r ic  a c i d .  The w ash ing s  were 
added  to  th e  f i l t r a t e ,  and c o n c e n t r a t i o n  u n d er  re d u c e d  p r e s s u r e  
a g a i n  r e p e a t e d  u n t i l  a n o th e r  c rop  o f  c r y s t a l s  were o b t a i n e d .
T h is  method o f  w orking  up th e  p h e n y ls e m ic a rb a z id e  s o l u t i o n
4 .
u n d e r  re d u c e d  p r e s s u r e  i s  to, be p r e f e r r e d  to  th e  method o f  
e v a p o r a t io n  on a  w a te r  b a th  a t  o r d i n a r y  p r e s s u r e s  a s  d e s c r i b e d  
by th e  a u t h o r s ,  s i n c e  i t  p r a c t i c a l l y  e l i m i n a t e s  th e  f o r m a t io n  
o f  d ip h e n y lu r e a  form ed by d e c o m p o s i t io n  o f  th e  p h e n y ls e m ic a rb a -  
z id e  d u r in g  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n ,  and i n  a d d i t i o n  i s  
much q u ic k e r .
The t o t a l  y i e l d  o f  p h e n y ls e m ie a rb a z id e  h y d r o c h lo r id e  
o b t a i n e d  above, was r e c r y s t a l l i s e d  from  a b s o l u t e  a l c o h o l .
E th e r  was added to  t h e  a l c o h o l i c  m other l i q u o r ,  and th e  
l a s t  t r a c e s  o f  p h e n y ls e m ie a rb a z id e  h y d r o c h lo r id e  p r e c i p i t a t e d  
from  t h e  s o l u t i o n .  The i m p u r i t i e s  such  a s  d ip h e n y l  u r e a  and 
c o lo u r i n g  m a t te r  were n o t  p r e c i p i t a t e d  from s o l u t i o n  by th e  
a d d i t i o n  o f  e t h e r ,
Y ie ld  = 15g to  14g.
» 40^ to  45^  y i e l d  on th e  o r i g i n a l
w e ig h t  o f  a c e to n e  u se d .
P r e p a r a t i o n  o f  T h io sem iea rb az id e  ( 5 ) .
1 0 0 g ( 2  m o ls)  o f  com m ercial h y d ra z in e  s u lp h a te  were 
p l a c e d  i n  a  b e a k e r ,  400 ad o f  c o ld  d i s t i l l e d  w a te r  were 
add ed  and th e  m ix tu re  warmed. 54g (1  mol) anhy d ro us
p o ta s s iu m  c a rb o n a te  were th e n  added i n  sm a ll  q u a n t i t i e s  a t
a  tim e  w i th  c o n s t a n t  s t i r r i n g .  A b r i s k  e v o lu t io n  o f  c a rb o n
d io x id e  to o k  p l a c e  and th e  r e a d i l y  s o lu b le  h y d ra z in e  n o rm al 
s u lp h a te  was fo rm ed .
80g ( 2  m o ls )  o f  p o ta s s iu m  su lp h o c y a n id e  were a d d ed , and 
t h e  m ix tu re  s t i r r e d  and th e n  h e a te d  to  b o i l i n g .  Double 
d e c o m p o s i t io n  t a k e s  p la c e  w i th  f o rm a t io n  o f  h y d ra z in e  s u lp h o ­
c y a n id e  and p o ta s s iu m  s u l p h a t e .  A f t e r  b o i l i n g  f o r  a b o u t  
f i v e  m in u te s  th e  p o ta s s iu m  s u lp h a te  was c o m p le te ly  p r e c i p i t a t e d  
by  th e  a d d i t i o n  o f  500 cc com m ercial a l c o h o l ,  and was removed 
by  f i l t e r i n g  u n d e r  p r e s s u r e .
The f i l t r a t e  c o n ta in i n g  th e  h y d ra z in e  su lp h o c y a n id e  was 
d i s t i l l e d  to  remove a s  much a lc o h o l  a s  p o s s i b l e ,  and was th e n  
e v a p o r a te d  down over a  f r e e  f lam e i n  a  p o r c e l a i n  b a s i n .  The 
l i q u i d  was a g i t a t e d  c o n t in u o u s ly  d u r in g  e v a p o r a t io n ,  and a f t e r  
a  t im e  th e  e v o lu t i o n  o f  steam  c e a se d  and th e  s u b s ta n c e ,  w hich 
a p p e a re d  a s  a y e l lo w  s o l i d ,  began to  e f f e r v e s c e  -  ammonia b e in g  
e v o lv e d .  When th e  r e a c t i o n  became too  v i o l e n t  i t  was ch ecked  
by  th e  a d d i t i o n  o f  c o ld  w a te r  i n  sm all  q u a n t i t i e s .  T hroughout 
t h i s  v ig o ro u s  r e a c t i o n  th e  mass was c o n t in u o u s ly  s t i r r e d .  
H e a t in g  was d i s c o n t in u e d  when th e  r e a c t i o n  m ix tu re  s o l i d i f i e d  
on  a  g l a s s  ro d  which had been  d ip p ed  and removed from th e  b a s i n .
On c o o l in g  th e  r e a c t i o n  m ix tu re  s o l i d i f i e d  down to  a  c r y s ­
t a l l i n e  mass which was e x t r a c t e d  w ith  a  l i t t l e  h o t  w a te r ,  and 
th e  m ix tu re  f i l t e r e d .  The r e s i d u e  c o n s i s t e d  o f  t h io s e m ie a r b a ­
z id e  and th e  f i l t r a t e  on b e in g  e v a p o ra te d  down to  a  sy rup  a s
6 .
b e f o r e  y i e l d e d  more t h io s e m i e a r b a z id e .  T h is  was r e p e a t e d  two
o r  t h r e e  t im e s .
The v a r i o u s  c ro p s  o f  c r y s t a l s  were t h e n  combined and r e ­
c r y s t a l l i s e d  from  w a te r  th e  m other l i q u o r  y i e l d i n g  more t h i o -  
s e m ic a rb a z id e  on c o n c e n t r a t i o n .
Y ie ld  4 3g.
M.P. o f  p r o d u c t  181 -  183° C.
P r e p a r a t i o n  o f  4 . -p h e n y l th lo a e m lo a r 'b a z ld e  ( 6 ) .
ffrom phen y l  mu s t a r d  o i l  and h y d r a z in e  h y d r a t e .
F o rm a tio n  o f  pheny l m u s ta rd  o i l .
50g t h i o c a r b a n i l i d e  were added w i th  a b o u t  150g o f  co n cen ­
t r a t e d  h y d r o c h lo r i c  a c i d  f o r  h a l f  an  h o u r  i n  a  f l a s k  f i t t e d  
w i th  a  r e f l u x  c o n d e n s e r .  The d ip h e n y l  th io  u r e a  t h u s  o b ta in e d  
was decomposed i n to  t r i p h e n y l  g u a n id in e ,  which rem a in ed  a s  th e  
h y d r o c h lo r id e  i n  s o l u t i o n ,  and p h e n y lm u s ta rd  o i l ,  which s e p a r a ­
t e d  o u t  a s  a  brown o i l .
hhc 6 e 5  r a o 6 H5
s S=cy  +  HC1 = CgHgNCS f  C-KHCgHg +• H g S .
JJHC6 H5  n . c 6 h 5
The p r o d u c t  was d i s t i l l e d  w i th  steam  and was o b ta in e d  a s  
a n  a lm o s t  c o l o u r l e s s  o i l ,  b e in g  s e p a r a te d  from t h e  aqueous
7 .
l a y e r  by means o f  a t a p  f u n n e l .
Y ie ld  q u a n t i t a t i v e  -  16 g .
F o rm a tio n  o f  t h e  4 - p h e n y l t h io s e m i e a r b a z id e .
To an  a l c o h o l i c  s o l u t i o n  o f  7g (1  mol) h y d r a z in e  h y d r a t e  
c o o le d  i n  i c e ,  was g r a d u a l ly  added an  a l c o h o l i c  s o l u t i o n  o f  
16 g ( j u s t  l e s s  th a n  1  mol) p h en y l  m usta rd  o i l  w i th  c o n s t a n t  
a g i t a t i o n .  A s o l i d  s e p a r a te d  o u t  a t  once, and a f t e r  th e  
l i q u i d  had a lm o s t  s o l i d i f i e d ,  th e  c r y s t a l s  were f i l t e r e d  o f f  
and  washed w ith  c o ld  a l c o h o l .
Y ie ld  o f  u n c r y s t a l l i s e d  m a te r ia ls : -2 1  to  22*5g ( a lm o s t  
q u a n t i t a t i v e ) .
The above p r o d u c t  was r e c r y s t a l l i s e d  from  a l c o h o l ,  and 
o b t a i n e d  i n  a  p u re  s t a t e .  Y ie ld  18g -  19g . M.P. o f  p r o d u c t  
1400 C.
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